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Abstract 
Copper-containing nitrite reductases (CuNiR) catalyse the reduction of 
nitrite to the gaseous product nitric oxide. The enzyme forms part of the 
denitrification pathway which, in some bacteria, forms part of their 
respiratory network where nitrogen reduction is coupled to the synthesis of 
adenosine triphosphate. Denitrifying bacteria, through the production of 
nitrous oxide, have a large greenhouse gas impact and are also opportunist 
pathogens often found infecting immunocompromised patients. 
The structure and biochemical properties of CuNiRs have been 
extensively studied revealing a common functional core of one type 1 copper 
(T1Cu) site and one type 2 copper (T2Cu) site, linked by a cysteine-histidine 
bridge. The T1Cu is reduced by a partner redox protein and that electron is 
transferred to the T2Cu to reduce nitrite along with two protons. The order of 
this reaction is unknown, however with T2Cu reduction possible before or 
after nitrite binding. 
The structural study of this reaction is complicated by radiation 
damage effecting the copper sites when probed by synchrotron X-ray 
crystallography (SRX). The copper sites are highly prone to reduction by 
photoelectrons generated by the radiolysis of solvent inside the crystal. As the 
probe alters the redox states of the copper sites during data collection, the 
redox state of multiple species in the crystal change over the course of data 
collection, preventing them from being refined individually and obscuring the 
active site intermediates that may establish the enzyme mechanism order. 
To overcome the radiation damage, data collection was carried out at 
the SPring-8 angstrom compact free electron laser (SACLA), an X-ray free 
electron laser (XFEL), which produces femtosecond scale X-ray pulses that 
allow the diffraction to be captured before the onset of any radiation damage. 
The size of the pulse width also precludes any molecular rotation or vibration 
producing a ‘time-frozen’ structure. XFEL collection operates on the principle 
of ‘diffraction before destruction’ where the high intensity of the X-ray pulse 
destroys the crystal material and so new crystalline material must be inserted 
into the beam after each shot. 
Using this approach, the oxidised structure of two CuNiRs were 
collected from Achromobacter xylosoxidans (AxNiR) and Achromobacter 
cycloclastes (AcNiR) along with the reduced and nitrite-bound structures of 
AcNiR. This XFEL data along with other structural data revealed a basis for 
the oxidase activity in AxNiR and the pH dependence of AcNiR suggesting an 
ordered mechanism. This thesis reveals the specific changes that SRX can 
cause to radiation sensitive metalloproteins and the importance of 
overcoming it. 
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Chapter 1 – Denitrification and copper 
nitrite reductase 
 
 
1.1. The nitrogen cycle 
1.1.1. Terrestrial nitrogen cycle 
The ability of an organism to grow and thrive is dependent on the 
availability of nutrients in its surrounding environment. Nitrogen is a requisite 
element for all forms of life as a building block of nucleic and amino acids to 
make DNA and proteins, for chlorin production in plants and as part of the 
energy transfer molecule adenosine triphosphate (ATP). Dinitrogen (N2) is 
abundant in the terrestrial atmosphere, accounting for 78% by volume, 
making it readily accessible to most organisms. However, the ability to utilise 
N2 is limited by chemistry, dominated by the N2 triple bond1. The dissociation 
energy of the N≡N bond is equal to 945.41 kJ mol-1, making it unreactive and 
inaccessible to most living organisms. The energy barrier in converting 
atmospheric nitrogen to organic nitrogen leads to a scarcity of useable 
nitrogen in most ecological niches and therefore it is often the limiting factor 
in biological biomass synthesis. Microbes play a key role in facilitating the 
supply of fixed nitrogen to all organisms through a series of enzymatic 
reaction steps. N2 is converted to a fixed form, ammonia (NH3), which is 
utilised by living organisms to form the biopolymers that make up all living 
 16 
organisms (Figure 1.1)2. After organism death, these biopolymers undergo 
decay whereby the nitrogen is returned to the environment, converted by 
microbes to nitrates (NO3-) and nitrites (NO2-), and the energy stored is 
released for use by the decomposers. These three processes, nitrogen fixation, 
nitrification and denitrification, and the interconversion reactions of nitrogen 
between the inorganic and organic forms are collectively known as the 
nitrogen cycle. 
Biological nitrogen fixation is carried out by diazotrophs, organisms 
able to thrive without an external source of fixed nitrogen3. Diazotrophs exist 
as free-living and symbiotic bacteria, both of which contain the nitrogenase 
enzyme which catalyses the nitrogen fixation reaction (Figure 1.2). 
Atmospheric N2 is converted to NH3 by coupling the hydrolysis of 16 ATP 
molecules and is accompanied by the formation of one hydrogen (H2) 
molecule. 
 𝑁# + 8𝐻' + 8𝑒) 	→ 2𝑁𝐻- +	𝐻# 
 
Mo-nitrogenase consists of two proteins, the Fe protein and the FeMo 
protein4. The Fe protein is a homodimer containing an [Fe4S4] cluster and acts 
to transfer electrons from partner electron transfer proteins to the FeMo 
protein. Electron transfer is facilitated by ATP hydrolysis inducing a 
conformational change in the complex, reducing the distance between the Fe 
and FeMo cores5. The FeMo protein is heterotetramer, containing two [Fe4S4] 
clusters and two FeMoco cofactors forming the reaction centres6. After 
 17 
intermolecular electron transfer from the Fe protein to the FeMo [Fe4S4] 
cluster, intramolecular electron transfer occurs from the [Fe4S4] cluster to the 
FeMoco cofactor, reducing bound N2 to NH3. Closely related nitrogenase 
systems based on V or only Fe have also been identified7. 
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Figure 1.1. A schematic of the terrestrial nitrogen cycle. Atmospheric 
dinitrogen is fixed into ammonia and converted through several intermediates 
in both oxic and anoxic environments before being returned to the 
atmosphere. Aerobic, anaerobic and O2 evolving photosynthetic diazotrophs 
have evolved to prevent nitrogenase inactivation by O2. The bacterial enzyme 
associated with each step is listed beside the arrow indicating the reaction 
order. 
 
  
 
 
 
 
 19 
 
Figure 1.2. The structure of the nitrogenase complex from Azotobacter 
vinelandii at 3.0 Å in complex with a nucleoside triphosphate analogue. 
The FeMo α-subunits are shown in magenta and the β-subunits in cyan. The 
two subunits of each Fe-protein are shown in yellow and black respectively. 
Bound co-factors and ligands are coloured according to element (PDB: 1N2C). 
 
 
 
 20 
Fixed nitrogen in the form of NH3 or ammonium (NH4+) is 
subsequently oxidised by ammonia-oxidizing bacteria (AOB)8 and ammonia-
oxidizing archaea (AOA)9 into NO2- which itself is oxidised by nitrite-oxidizing 
bacteria (NOB) into NO3-. These microorganisms are chemolithoautotrophs 
utilising carbon dioxide (CO2) for biomass production and energy from the 
redox reaction. The first nitrification reaction: 
 2𝑁𝐻.' + 3𝑂# 	→ 2𝑁𝑂#) + 2𝐻#𝑂 + 4𝐻' 
 
leads to the formation of NO2- and is broken down into two steps. This is 
catalysed first by ammonia monooxygenase (AMO), oxidising NH4+ to 
hydroxylamine (NH2OH), and then by hydroxylamine oxidoreductase (HAO) 
oxidising NH2OH to NO2-. This second step has recently come under scrutiny, 
however, with recent field work suggesting that nitric oxide (NO) is the 
product of the HAO reaction10. The second nitrification reaction:  
 2𝑁𝑂#) + 𝑂# → 2𝑁𝑂-) 
 
is catalysed by nitrite oxidoreductase (NXR), oxidising NO2- to NO3-. 
Ammonia-oxidizing and nitrite-oxidizing organisms tend to exist in 
equilibrium which prevents NO2- accumulation. During the oxidation of 
NH2OH the electrons produced are passed into an electron transport chain to 
generate a proton gradient and produce ATP via ATP synthase. The 
completion of the nitrogen cycle following the conversion of NH3 to NO3- is 
 21 
the reduction of NO3- back to atmospheric N2 known as denitrification. This 
will be covered after the following section that discusses the human impact on 
the nitrogen cycle. 
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1.1.2. Human impact on the nitrogen cycle 
The activity of humans has a major impact on the environmental 
distribution of nitrogen, primarily as the result of changes in the energy and 
agricultural requirements of humans. The scarcity of fixed nitrogen sources 
was a limiting factor on food production and consequently human 
population11. The development of the Haber-Bosch process allowed large 
quantities of NH3 to be generated from H2 and atmospheric N2. Since the 
development of the Haber process in the early 20th century, the removal of the 
fixed nitrogen limit has seen a population boom that has coincided with a 
huge increase in food production, with one hectare of arable land now 
estimated to support 4.3 people in 2008, as opposed to 1.9 people in 190812. 
Agriculture productivity improvement is estimated to be 30 to 50% of crop 
yield13. The industrial revolution, based on the burning of fossil fuels, has also 
been consequential in increasing the amount of fixed nitrogen in the 
atmosphere2. Nitrous oxide (N2O) has a major global warming potential, three 
hundred times more potent than CO2. It is currently the fourth most abundant 
greenhouse gas in the atmosphere, with an absolute increase of 54 ppb, from 
270 ppb in 1750 to 324 ppb in 201114. The increase in biologically available 
nitrogen in the environment has led to serious imbalance in a number of 
terrestrial and marine ecosystems15,16. Over and improper use of N-fertiliser 
has led to increased levels of NO3- in wastewater, which can lead to algae 
bloom and eutrophication of fresh and salt water sources17. Excess nutrients 
in the water lead to a rapid increase in plant and algal growth that quickly 
outcompetes other species by blocking sunlight to the deeper water and using 
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up limited resources. Once the plants and algae reach maximum density, the 
decrease in other organisms causes them to die due to a lack of other required 
nutrients. Decomposition then proceeds, causing the body of water to be 
starved of oxygen, creating a hypoxic region free of aerobic life. 
Understanding the human impact on the nitrogen cycle and its 
interconnections with the ecosystem at large is the first step in curtailing 
anthropogenic effects18. The series of steps that follow the conversion of NO3- 
back to atmospheric N2 as already discussed are collectively known as 
denitrification. If the denitrification pathway can be understood in detail, then 
the effects of human intervention may be mitigated. 
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1.1.3. Denitrification  
The denitrification pathway consists of a series of enzymes to convert 
NO3- in the terrestrial environment to atmospheric N2, thus completing the 
cycle started by nitrogen fixing microorganisms and preventing a build-up of 
fixed nitrogen in soil19. Various components of the cycle are found in bacteria, 
archaea and fungi with each species utilising the fixed nitrogen in its own 
ecological niche, in both terrestrial and marine environments. In bacteria, the 
synthesis of ATP is coupled to a series of reactions, leading to energy 
production in anaerobic environments, but other uses include assimilatory 
and dissimilatory ammonification (Figure 1.3)20. The reduction pathway 
consists the reaction series: 
 𝑁𝑂-) → 𝑁𝑂#) 	→ 𝑁𝑂 → 𝑁#𝑂 → 𝑁# 
 
The whole process can be expressed as redox reaction:  
 2𝑁𝑂-) + 10𝑒) + 12𝐻' 	→ 	𝑁# + 6𝐻#𝑂 
 
Each step in the reaction is catalysed by an enzyme class that will be 
discussed in detail. 
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Figure 1.3. A diagram of the bacterial denitrification pathway. In the 
absence of oxygen, bacteria containing all the necessary dentification enzymes 
can utilise nitrogen oxides as electron acceptors. The electron transport chain 
is used to drive a proton pump, forming an electrochemical gradient used to 
drive ATP synthase. 
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1.1.4. Denitrifying bacteria 
Denitrifying bacteria are classified by the ability to metabolise nitrogen 
oxides to form N2O or atmospheric N2 gas19. Denitrifying bacteria exist as both 
facultative aerobic heterotrophs, which utilise fixed nitrogen as a terminal 
electron acceptor when oxygen is unavailable, and as facultative autotrophs, 
which utilise inorganic sulphur compounds19. Enzymes involved in 
denitrification are found in a wide variety of bacteria; this diversity has 
allowed for the evolution of many specific denitrifying bacteria able to 
tolerate extreme thermophilic and halophilic conditions19. Certain genera of 
denitrifying bacteria are observed infecting immunocompromised patients in 
nosocomial conditions21. The Achromobacter genus is environmentally 
pervasive and is considered an opportunist pathogen in patients susceptible to 
infection21. They are classified as lactose-nonfermenting, gram-negative bacilli 
that are highly motile via multiple, long flagella. The classification of these 
bacteria has switched a number of times, first being classified as members of 
the Achromobacter genus and then moved to the Alcaligenes genus, before 
recently being reclassified back to the Achromobacter genus22,23. While most 
members of this genus are not pathogenic, a number are repeatably found 
infecting patients with suppressed immune systems and underlying conditions 
that rely on repeated hospitalisation, specifically cystic fibrosis, 
haematological, solid organ malignancies and renal failure24,25. Of all the 
Achromobacter bacteria, Achromobacter xylosoxidans is the most commonly 
observed opportunist21. The pathogenicity of this particular species is derived 
from a number of genomic features including a series of antibiotic efflux 
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pumps and modifying genes26. Because of their ubiquity, including as a part of 
usual gut flora, any subsequent infection is difficult to treat because of their 
innate antibiotic resistance. Their ability to utilise fixed nitrogen as a terminal 
electron acceptor is also important in the scheme of resistance to host 
immune defence, specifically the reduction of NO, produced by macrophages 
to destroy invading cells27. Peroxynitrite (ONOO-), formed via combination of 
NO and superoxide (O2-), is routinely utilised by macrophages to overwhelm 
invading cells and destroy their reproductive machinery before their 
pathogenesis becomes problematic. Achromobacter bacteria have however 
been recognised to contain superoxide dismutase (SOD) that converts O2- into 
O2 or H2O2, reducing the formation of the two radical species and limiting the 
host immune response28. It is important to note the dual importance of these 
bacteria from both an environmental and a public health viewpoint with the 
steady rise in global population age and with it, an increase in nosocomial 
conditions29. 
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1.2. The denitrification pathway 
1.2.1. Nitrate reductase (NR) 
Nitrate reductase (NR) catalyses the reduction of NO3- to NO2- 
according to reaction: 
 𝑁𝑂-) + 2𝑒) + 2𝐻' 	→ 𝑁𝑂#) + 𝐻#𝑂 
 
There are four main classes of NRs; three bacterial enzymes, consisting of the 
cytoplasmic assimilatory (Nas), periplasmic dissimilatory (Nap) and 
membrane-bound respiratory (Nar) NRs, plus the eukaryotic assimilatory NRs 
(Euk-NR)30–33. The bacterial NRs belong to the dimethyl sulfoxide (DMSO) 
reductase family, while the eukaryotic NRs belong to the sulphite oxidase 
(SO) family. The Nars group consists of membrane-anchored heterotrimeric 
enzymes. The active site consists of a molybdenum (Mo) atom coordinated by 
two pterin groups via the four sulphur atoms. The monomeric Naps share the 
coordinated Mo atom, but here it is coordinate by the pterin sulphur atoms 
plus a cysteine ligand and a hydroxo/oxo group. An [Fe4S4] cluster is 
coordinated near the N-terminus as part of the intramolecular electron 
transfer network. The Nas active site is Mo coordinated by pterin cofactor 
with a guanine dinucleotide (Mo-bisMGD). The protein structure varies 
between different organisms and are the least well characterised NR group. 
The Euk-NRs are found in a wide range of algae, fungi and plants and 
function as homodimer with activity dependent on the Moco core34. Euk-NRs 
can be nicotinamide adenine dinucleotide (NADH) or nicotinamide adenine 
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dinucleotide phosphate (NADPH) dependent or independent and are 
classified as such. 
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1.2.2. Nitrite reductase (NiR) 
The first committed step in denitrification is the reduction of NO2- to 
form gaseous nitric oxide, which is carried out by the enzyme nitrite reductase 
(NiR) in reaction: 
  𝑁𝑂#) + 𝑒) + 2𝐻' → 𝑁𝑂 + 𝐻#𝑂 
 
Two distinct classes of periplasmic NiR exist in denitrifying bacteria reducing 
NO2- using either an iron- or copper-based active centre. The iron-based class 
contains several enzymes. Cytochrome cd1 NiR couples the oxidation of 
cytochrome c551 to the reduction of NO2- to NO. It’s comprised of two chains 
both containing a haem type c and d group forming the active tetrahaem 
protein35. Cytochrome c nitrite reductase (ccNiR) is a pentahaem protein that 
catalyses the second step of the conversion of NO2- to NH336. Like cytochrome 
cd1, ccNiR is a homodimer with a total of ten type c haem’s in the active form 
with quinone carriers serving as electron donors. Copper nitrite reductases 
(CuNiR) are homotrimer proteins that contain one T1 (T1Cu) and one T2 
(T2Cu) copper-binding site per catalytic unit37,38. Electron transfer from the 
T1Cu to T2Cu site occurs via a Cys-His bridge, reducing of the T2Cu and 
subsequently the NO2- ligand. Azurin acts as the electron carrier for blue NiR 
and pseudoazurin for green NiR with intermolecular electron transfer 
occurring from the azurin to the T1Cu centre. Low molecular weight c-type 
cytochromes also function as electron donors to these enzymes. 
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1.2.3. Nitric oxide reductase (NOR) 
The third step of denitrification is catalysed by membrane-bound nitric 
oxide reductase (NOR) in the reaction: 
  2𝑁𝑂 + 2𝑒) + 2𝐻' 	→ 	𝑁#𝑂 + 𝐻#𝑂 
 
The NO produced by NiR is cytotoxic and must be removed immediately by 
NOR. Some pathogenic bacterial express NORs to defend against NO 
produced by host immune system macrophages39. N2O production by NORs is 
also important to study from an environmental perspective. N2O is 310 times 
more powerful than CO2 as a greenhouse gas and can catalytically break 
down the ozone layer40. As microorganisms produce a large percentage of the 
terrestrial N2O emissions, an understanding of their enzymatic mechanisms is 
necessary for the prediction of future N2O emissions and the discovery of 
possible inhibitors41.  The NORs are members of the haem-copper oxidase 
(HCO) super-family. This super-family can be further divided into the quinol-
oxidising NORs (qNOR) and cytochrome c-oxidising NORs (cNOR). Crystal 
structures have been determined for both types of NOR42,43. cNOR is a 
heterodimer with one smaller subunit (NorC) containing a haem c group 
which acts as the external electron acceptor and the larger subunit (NorB) 
containing the catalytic centre. A haem b group mediates electron transfer 
from the haem c group, the catalytic centre, which consists of another haem b 
group (haem b3) and one non-haem iron (FeB). The active site structure is 
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conserved in qNOR, but the rest of the structure shows marked differences, 
especially in the lack of the haem c group. 
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1.2.4. Nitrous oxide reductase (N2OR) 
The copper-containing enzyme nitrous oxide reductase (N2OR) 
catalyses the reduction of N2O to N2 in the final step of microbial 
denitrification: 
 𝑁#𝑂 + 2𝑒) + 2𝐻' 	→ 	𝑁# + 𝐻#𝑂 
 
N2OR is a homodimeric metalloprotein, located in the periplasm and 
containing two copper centres, CuA
 
and CuZ, in each monomer (Figure 1.4)44. 
Each monomer consists of two domains, one cuperodoxin domain and one β-
propeller domain. The dimer packs with a ‘head-to-tail’ motif that places the 
CuA site of one monomer in proximity of the CuZ
 
site of the other, creating the 
active site of the enzyme at the dimer interface45. The CuA centre is 
coordinated in the cuperodoxin domain of one monomer and consists of two 
Cu atoms bridged by two cysteine residues. The catalytic CuZ centre is in the 
β-propeller domain and is a unique cluster that consists of four Cu atoms 
bridged by inorganic sulphide and coordinated by seven histidine residues 
adopting a distorted tetrahedral geometry. N2O binds side-on to the CuZ 
centre and following electron transfer from the CuA site is converted to N2. 
The catalytic cycle of this enzyme has yet to be determined as no intermediate 
states have been captured structurally. With the production of N2 the 
denitrification pathway comes full circle, with the fixed nitrogen returned to 
the atmosphere. 
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Figure 1.4. Structure of N2OR from Pseudomonas stutzeri at 1.7 Å. The 
enzyme is a homodimer with one binuclear copper (CuA) and one tetranuclear 
copper (CuZ) site per subunit. The homodimer packs such that the CuA in one 
monomer can interact with the CuZ in the adjacent monomer (PDB: 3SBQ). 
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1.3. Copper nitrite reductase (CuNiR) 
1.3.1. Global structure 
CuNiRs have been extensively studied for many years with various 
structural, biochemical and spectroscopic methods19. CuNiR is encoded by the 
nirK gene first identified in Pseudomonas sp. strain G-17946 and Alcaligenes 
faecalis S-647 in 1993. Until recently all CuNiRs were thought to be 
homotrimeric with a molecular weight of ~37 kDa per monomer with each 
monomer composed of two domains (Figure 1.5). The monomers take the 
form of two Greek key β-barrel structures with cuperodoxin-like homology, 
along with two short and one long α-helical regions. Differences in the T1Cu 
site geometry caused CuNiRs to previously be classified blue or green48. In 
blue CuNiR, the T1Cu methionine ligand maintains an axial position, relative 
to the His-His-Cys plane whereas by contrast, in green CuNiR, the ligand is 
perturbed from the tetrahedral shape leading to distortion, via the Cys-His 
bridge, of the T2Cu site49. The differences in the copper ligand geometry 
causes a shift in the absorption spectral bands of the oxidised enzyme from 
450 nm to 600 nm, changing the colour of the protein from green to blue. 
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Figure 1.5. The structure homotrimeric CuNiR from Achromobacter 
xylosoxidans (AxNiR). (a) The domain structure of the AxNiR monomer. The 
two cuperodoxin domains are shown in magenta and cyan. The two copper 
sites are shown in dark blue and labelled respectively. (b) The AxNiR trimer 
has three identical subunits forming the functional enzyme. The T1Cu site is 
buried below the protein surface while the T2Cu is ligated between the 
boundary of two of the monomers forming three active sites per trimer. The 
three-fold rotational symmetry is designated by the black triangle (PDB: 
1OE1).  
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1.3.2. Copper centres 
The two copper sites in the two-domain monomer form the main 
catalytic unit of CuNiR. The T1Cu is buried ~7 Å below the protein surface in 
a distorted tetrahedral geometry. It is ligated by two histidine residues, one 
cysteine and one methionine, and acts to accept electrons from partner redox 
proteins azurin and pseudoazurin50. Electron transfer from the T1Cu to T2Cu 
site occurs via a Cys-His bridge spanning 11 covalent bonds and ~12.6 Å 
(Figure 1.6). The T2Cu site sits at the interface between two of the monomers 
where the Cu is ligated by three histidine residues as well as a water molecule 
in the resting state51. Upon reduction of the T2Cu the water ligand is lost, 
leaving the T2Cu ligated by just the three histidine resides52. The local 
environment of the T2Cu site contains several conserved residues that 
contribute to the enzymatic reaction. Conserved aspartic acid (AspCAT) and 
histidine (HisCAT) residues that are necessary for enzymatic activity sit 
adjacent to the T2Cu ligated water molecule (Figure 1.7)53. The water 
molecule is hydrogen bonded to the AspCAT which in turn is hydrogen bonded 
to HisCAT via a linking water molecule visible in both oxidised and reduced 
structures. Both these residues are predicted to play a role in proton donation 
with one proton donated from each amino acid. 
In AcNiR AspCAT has been observed in a dual conformation termed 
‘proximal’ and ‘gatekeeper’ positioned near to and away from the T2Cu 
respectively54. Structural studies carried out using X-ray crystallography have 
revealed both ligand and product binding to CuNiR. The observed mode of 
ligand binding has varied between different CuNiR species with both 
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symmetric and asymmetric NO2- binding observed. In CuNiR from 
Achromobacter cycloclastes (AcNiR), NO2- binds in a side-on bidentate manner 
with the two oxygen atoms equidistance from the T2Cu termed ‘side-on’55. An 
isoleucine residue (IleCAT) positioned above the T2Cu is predicted to play a 
role in positioning the NO2- molecule and therefore may play a role in the 
reaction order based on the nature of the ligand binding mode56. In the CuNiR 
from Geobacillus thermodenitrificans (GtNiR), the mutation of this residue to 
valine causes the NO2- to shift to a monodentate binding mode, binding to the 
T2Cu via a single O atom57. NO2- accesses the T2Cu site via a channel formed 
between the monomer-monomer interface consisting of a 12 Å hydrophobic 
cleft that helps to mediate the control of substrate availability. The residue 
IleCAT extends into the cleft and partially blocks direct solvent access to the 
active site51. Two polar residues, Glu133 and His313, mark the entrance to 
the cleft and hydrogen bond with surrounding water molecules creating a 
well-ordered system (Figure 1.8). A water molecule also resides in the cleft 
itself, hydrogen bonded to the carbonyl oxygen of Ala131. This selective 
nature is necessary to maintain normal catalytic efficiency by excluding excess 
substrate and water from the T2Cu site. Therefore, mutations in residues 
situated in the channel can influence the enzyme action. AxNiR-F306C 
substitution changes the rate-limiting step and displays a major decrease in 
catalytic efficiency58. The large hydrophobic nature of Phe306 acts to restrict 
solvent access to the T2Cu site to the single ligated water molecule. When this 
residue is mutated, secondary water molecules can access the substrate entry 
channel. However, some CuNiR structures do have two water molecules 
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ligated to the T2Cu in resting state, especially at non-cryogenic temperatures 
59. Too reduced NO2-, the T2Cu H2O ligand must first displace the H2O by 
disrupting the coordinate bond. With two H2O ligands the energy barrier the 
NO2- must overcome to exchange with the water molecules is increased, 
leading to a less energetically favourable reaction. 
 
 
 
 
 
 
 
 
 
 
 40 
 
Figure 1.6. The copper sites of AxNiR. The two copper sites are linked by a 
Cys-His bridge that facilitates electron transfer between them. The T1Cu site, 
shown in dark blue, is ligated by two histidine, one cystine and one 
methionine residues, while the T2Cu site, shown in cyan, is ligated by three 
histidine residues. The T2Cu is ligated by a water in the resting state which is 
hydrogen bonded to AspCAT, which itself is hydrogen bonded to HisCAT via a 
linking water molecule. The atoms are coloured by element (PDB: 1OE1). 
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Figure 1.7. A multiple sequence alignment of five CuNiRs. Residues such 
as those forming the copper binding sites and catalytic residues are conserved 
across species. The T1Cu binding site residues are shown in magenta, the 
T2Cu binding site residues in cyan and the catalytic residues in yellow. 
Alignment performed using Clustal Omega60 (1.2.4). 
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Figure 1.8. A cross-eyed stereo picture of the substrate entry channel of 
AxNiR. His313 and Phe306 mark the entrance to the substrate channel. In 
this crystal form of AxNiR (H3), crystallised with polyethylene glycol (PEG), 
PEG can be seen hydrogen bonding to His313. This prevents NO2- being 
soaked into these wild type crystals. Mutation of the His313 residue to 
cysteine allows substrate soaking to take place. Different colours represent 
different protein chains (PDB: 1OE1). 
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1.3.3. Enzyme mechanism 
The mechanism for NO2- reduction starts with the resting state enzyme 
defined by the oxidised T2Cu site with a bound fourth water ligand. A 
hydrophobic channel, ~6 Å from the protein surface, made up of residues 
from the monomer-monomer interface, acts as the point of substrate entry. 
NO2- binds to the T2Cu ion supplanting the bound water molecule (Figure 
1.9). NO2- binding causes an increase in the redox potential of the T2Cu site 
that allows the otherwise unfavourable electron transfer from the T1Cu to the 
T2Cu site52. Upon reduction of the T2Cu site, proton transfer takes place from 
the AspCAT residue to the NO2- to form the Cu(I)-NOOH intermediate. The 
HisCAT residue then donates a second proton causing the cleavage of the NO-N 
bond releasing the NO product, leaving water to ligate to the oxidised copper 
site54. Studies of CuNiR mechanisms had yielded conflicting evidence on 
whether electron transfer occurs before or after NO2- binding. In the proposed 
random-sequential mechanism, NO2- binds to both oxidised and reduced 
T2Cu61 (Scheme 1.1). This proposal was based on kinetic data whereby the 
steady-state kinetics observed for CuNiR showed the electron transfer rate 
was dependent on NO2- concentration and pH. Alternatively, an ordered-
sequential mechanism proposed NO2- binding only to the oxidised T2Cu. In 
the absence of NO2-, the difference in the redox potentials between the T1Cu 
and T2Cu sites is insignificant at physiological pH implying equal electron 
distribution between the two copper centres52. Premature reduction of the 
T2Cu site resulting in the loss of the water ligand can leave CuNiR in a dead-
end state, unable to bind NO2-. Specific photoreduction of the T1Cu site does 
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not trigger electron transfer between the T1Cu and T2Cu, demonstrating an 
ordered-sequential mechanism. Electron transfer is therefore only allowed 
when NO2- binds the T2Cu site, causing its redox potential to increase. This 
alters the equilibrium of the redox potential now making it favourable for 
electron transfer to take place62. Photo-excitation studies of AxNiR in 
deuterated water revealed that electron transfer was coupled to proton 
transfer. The reduction of NO2- by AxNiR requires consumption of two 
protons, provided by AspCAT and HisCAT. The observed rate of proton up-take 
from the surrounding solvent matches the rate of electron transfer. pH-
lowering assays established protonation as the trigger for electron transfer. 
Proton-coupled electron transfer (PCET) occurs in the absence of NO2- in the 
native enzyme. However, in AxNiR-N90S, which displays a severely reduced 
proton transfer rate, PCET is not observed in the absence of NO2-. When NO2- 
does bind the active site of N90S mutants, the proton channel is partially 
restored via the movement of a loop connecting the T1Cu ligands, Cys130 and 
His13963. Now, however, a reaction scheme has been proposed whereby two 
electron transfer routes operate in parallel with different NO2- binding 
sequences, the choice of pathway being determined by NO2- concentration 
and varying pH64.  
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Figure 1.9. The resting state, ligand and product bound T2Cu site. (a) 
Resting state T2Cu site from AcNiR (PDB: 2BW4). T2Cu is ligated by a single 
water molecule. (b) NO2- bound T2Cu site (PDB: 2BWI). The NO2- is bound in 
a side-on manner with near equidistant O and N-T2Cu bond lengths. (c) The 
NO bound T2Cu site (PDB: 2BW5). The NO has equidistant O-T2Cu and N-
T2Cu bond lengths.  
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Scheme 1.1. The random sequential mechanism of CuNiR. There are two 
reaction pathways to end up with NO2- bound to reduced T2Cu. Either (a) 
NO2- binds, supplanting the ligated water ligand followed by electron transfer 
from T1Cu to T2Cu or (b) electron transfer occurs first, followed by NO2- 
binding. Which branch predominates is dependent on pH and NO2- 
concentration. In the ordered mechanism, only branch (a) can occur. 
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1.3.4. Intramolecular electron and proton transfer 
Proton and electron transfer to the catalytic site is crucial for the 
reduction of NO2-. Two protons and one electron are required in total and 
must be directed to the substrate bound T2Cu to prevent inappropriate metal 
reduction. In a protein structure crystallised at low pH, proton transfer 
occurred from the enzyme surface to the T2Cu centre via a well-ordered, 
hydrogen-bonded water network51. This ‘primary’ channel extends along the 
monomer-monomer interface, connecting the conserved AspCAT residue at the 
T2Cu site to the protein surface via the HisCAT residue. Later crystal structures 
showed a second proton channel, connecting AspCAT to the surface via residues 
Ala131, Asn90, and Asn107 plus several water molecules. This channel was 
discovered in protein crystallised at high pH and hence termed the ‘high-pH’ 
channel54. Both channels are conserved among different two domain CuNiRs 
and mutagenesis studies of the residues that make up the channel have shown 
that the primary channel is not the main channel as originally thought. The 
AxNiR-H254F mutant disrupts the primary proton channel due to the loss of 
two hydrogen bonds HisCAT is involved in. The mutation has little to no effect 
on the catalytic rate however, indicating that proton transfer can still occur 
via an alternate route. In comparison, AxNiR-N90S mutants, in the high-pH 
channel, show a ~70% decrease in specific activity compared to the wild type 
while still retaining an equivalent Km for the substrate65. Intramolecular 
electron transfer was identified as occurring via the Cys-His bridge since 
mutation of the T1Cu cysteine ligand in AxNiR led to vacant T1Cu site and a 
complete loss of activity66. 
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1.3.5. Intermolecular electron transfer 
The transfer of electrons from the T1Cu site to the T2Cu is finely tuned 
and controlled, and so the transfer of electrons from redox partner protein to 
the T1Cu site must be similarly controlled. Azurin and pseudoazurin are 
known to bind to a hydrophobic patch on the enzyme surface and transfer 
electrons from the azurin T1Cu site to the CuNiR T1Cu site. Mutation of the 
AxNiR-W138 residue located on the hydrophobic patch causes a severe 
decrease in catalytic activity when azurin is used as the electron donor, 
suggesting it has a role to play in complex formation67. The self-interaction of 
CuNiR via the so-called head-to-head mechanism correlates with the packing 
crystal of azurin II. Superposition of azurin II and AxNiR-M114L mutant show 
near identical overlap and direct access to His139 residue through the 
hydrophobic patch, which is believed to be the direct link to the T1Cu 
centre68. The decrease in catalytic activity when Trp138 and Met87, a docking 
residue, are mutated suggest this model is correct67. The transient nature of 
electron transfer complexes has made structural studies of the complex 
difficult. However, recently an electron transfer complex crystal structure has 
been published formed between AxNiR and a partner Cytc551 protein revealing 
docking via the predicted hydrophobic patch69. A CuNiR crystal complex with 
azurin or pseudoazurin has yet to be determined. 
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1.3.6. Three-domain CuNiRs 
The standard homotrimeric CuNiR is structurally defined by a trimeric 
two cuperodoxin-like domain monomer core. Recently several new, modified 
CuNiRs have been identified via a wide genomic analysis where the two-
domain monomer presents with a third additional domain fused at the N- or 
C-terminus, either a third cuperodoxin-like70 or cytochrome-like71 domain 
(Figure 1.10). The first of these to be characterised was the CuNiR from 
Hyphomicrobium denitrificans (HdNiR)72. The sequenced genome was used to 
predict a second T1Cu-containing domain, fused to the N-terminus. HdNiR 
maintains the conserved two domains Cu core and it is not presently 
established whether this extra domain plays a catalytic role. The extra T1Cu 
site has a different geometry to the two domain T1Cu, giving the protein a 
blue-green colour. The crystal structure of HdNiR revealed a trimer self-
interaction with the extra T1Cu domains interacting to form a hexameric 
structure73. This extra fused domain is partly analogous to a CuNiR azurin 
complex, but the structure of the protein revealed a 14 Å distance between 
the two internal T1Cu sites, limiting the possibility for internal electron 
transfer. More recently the structure of NiR from Ralstonia pickettii (RpNiR) 
was reported, revealing a C-terminal fused haem-c domain74. Again, the 
catalytic nature of this domain has yet to be determined although in this case 
the haem and T1Cu sites are internally positioned much closer than in HdNiR, 
raising the possibility of internal haem T1Cu electron transfer. The structure 
of RpNiR revealed a unique Tyr residue located in the substrate entry channel, 
generating a steric hindrance to any substrate/ligand from binding to the 
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catalytic site. Here the T2Cu water ligand is stabilised by a two extra 
hydrogen bonds reducing the ability of NO2- to displace it in the oxidised 
form. 
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Figure 1.10. The monomeric and oligomeric structures of 3-domain 
CuNiRs. (a) Monomer of RpNiR (PDB: 3ZIY). The two cuperodoxin domains 
are shown in magenta with the C-terminal cytochrome domain shown in 
yellow with the haem group highlighted. (b) The RpNiR homotrimer showing 
the 3-fold rotational axis. (c) Monomer of HdNiR (PDB: 2DV6). The two 
cuperodoxin domains are shown in yellow with the N-terminal cuperodoxin 
domain shown in cyan with the extra T1CuN is highlighted. (d) The HdNiR 
homohexamer shown side-on.  
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1.3.7. Superoxide dismutase (SOD) activity 
In addition to their nitrite reductase function, CuNiRs are also known 
to have superoxide dismutase activity52,75. Studies of native CuNiR from 
Rhodopseudomonas sphaeroides f. sp. denitrificans (RsNiR) and AxNiR found 
they have ~33% and ~56% the SOD activity of bovine Cu,Zn SOD although 
no NiR activity is measurable in Cu,Zn SOD from those organisms. SODs 
relieve cytotoxic oxidative stress by alternatively oxidising or reducing O2- into 
less harmful species water (H2O) or hydrogen peroxide (H2O2): 
 𝐶𝑢#' + 𝑂#) → 𝐶𝑢' + 𝑂# 𝐶𝑢' + 𝑂#) + 2𝐻' → 𝐶𝑢#' + 𝐻#𝑂# 
 
The reduced T2Cu site of CuNiR shares structural similarity to the active site 
of Cu,Zn SOD, and O2 bound to the T2Cu has been observed previously in 
structural studies of CuNiR76 (Figure 1.11). Here O2 takes up the same 
position as NO does when bound after reduction. This structure is unique as 
oxygen binding has not been observed in any other CuNiR through structural 
studies. GtNiR has a unique valine residue located over the top of the T2Cu 
site in place of the isoleucine residue (IleCAT) present in other CuNiRs. This 
generates a much larger substrate binding pocket which might allow for 
dioxygen binding and stabilisation. Unlike the nitrite reductase mechanism 
however, the dismutation mechanism of CuNiR has not been fully 
characterised because of the rapid nature of dismutation reactions. Many 
denitrifying bacteria also produce a Cu,Zn SOD including A. xylosoxidans 
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(E3HM88)77, H. denitrificans (D8JSQ1)78 and Alcaligenes faecalis 
(A0A0A2NGZ8)79. 
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Figure 1.11. Copper-site comparison of dioxygen-binding enzymes. (a) 
Superposition of the reduced bovine Cu,Zn SOD Cu site (PDB: 1Q0E) and the 
AxNiR T2Cu site (PDB: 1OE1). bSOD is shown in magenta and AxNiR is 
shown in green with the copper atoms shown in cyan and black respectively. 
bSOD coordinate bonds shown in blue and AxNiR coordinate bonds are 
shown in red. Both active copper sites have tri-histidine ligation. The AxNiR 
HisCAT residues occupies a similar position to the bSOD bridging imidazole 
residues. (b) The active site of CuNiR from GtNiR with bound dioxygen (PDB: 
3WNJ). The oxygen is bound in a side-on manner. 
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Chapter 2 - Synchrotron radiation and 
X-ray free electron lasers for structure 
determination 
 
2.1. Synchrotron radiation (SR) 
2.1.1. X-ray tubes 
Material science involves the imaging of materials on a macro and 
micro scale and the study of their atomic, electronic and magnetic structure. 
Sources of electromagnetic radiation can be used to probe the electronic 
structure of biological molecules and determine their three-dimensional 
structure. A covalent bond is ~0.1 nm, so to resolve atomic positions the 
probe wavelength must be equal or less than 0.1 nm. On the electromagnetic 
spectrum, this wavelength falls in to the X-ray class consisting of 0.01 to 10 
nm photons. X-rays can be generated by an X-ray tube using electron impact 
with a target. An electron is released by a hot cathode and accelerated by a 
high voltage to a target anode80. When the electron collides with the anode it 
decelerates, and the kinetic energy is converted into X-ray radiation80. Two 
types of X-ray radiation are produced by the collision; Bremsstrahlung or 
braking radiation and characteristic radiation80. Bremsstrahlung X-ray 
emission covers a continuous spectrum while characteristic X-ray emission 
produces X-rays at a few discrete frequencies80. The discrete frequency is 
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characteristic to the anode material and is caused by the colliding electron 
knocking an orbital electron out of an inner electron shell of the anode 
material80. Electrons from higher energy levels then drop down to fill the 
vacated lower levels and in doing so emit X-ray photons at an energy equal to 
the difference in energy between the levels80. The total X-ray spectrum 
therefore consists of a broad, continuous spectrum of X-ray wavelengths with 
discrete spikes relating the characteristic K and/or L lines, depending on 
which orbital the dropping electron is filling80. The X-rays must be directed at 
the sample to be probed; however, the X-rays are emitted in a cone over 2π 
steradians and so only a small proportion of the X-rays produced can be used 
to probe the target80. X-ray sources such as X-ray tubes therefore have low 
brilliance where brilliance is defined as photons/s/mm2/mrad2/0.1%BW 
where the number of photons per second is divided by its divergence, cross-
sectional area and the percentage of photons falling within a bandwidth 0.1% 
of the central wavelength81. Because the emission is divergent, and the 
characteristic radiation has the highest intensity, most X-ray tubes are limited 
to producing the characteristic radiation of the anode material for useful 
experimentation. This process of X-ray production is inefficient, with <1% of 
the accelerated electron energy being emitted as X-rays and the rest lost as 
heat80. As the flux produced by the X-ray tube is limited by the acceleration 
energy, reducing the average energy density on the anode allows the 
production of higher flux82. Rotating the anode allows the electron energy to 
be averaged out of the circumference of the anode as opposed to a single spot 
which would eventually melt it82. 
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2.1.2. Synchrotron light source 
The limitations in brilliance and spectrum of X-ray tubes for biological 
structural characterisation were overcome with the discovery of synchrotron 
radiation and the construction of synchrotron light sources. Synchrotron 
radiation is produced when the path of an accelerated electron is curved by a 
magnetic field83. Electrons travelling at non-relativistic speeds emit 
synchrotron radiation in a dipolar pattern with a total radiated power 
proportional to the square of the acceleration83. If the electron is accelerated 
up towards the speed of light, it becomes relativistic and the emission pattern 
is Lorentz shifted forwards83. The X-rays are emitted as a narrow cone, with 
the wavelength being further contracted by the relativistic speed relative to 
the rest frame of the electron83. The contracted wavelength and forward-
pointing cone of radiation means these accelerators produce highly brilliant X-
rays beams83. Accelerator facilities called synchrotron light sources are used to 
accelerate electrons up to relativistic speeds84. Electrons produced by an 
electron gun are accelerated in a linear accelerator (linac) which are injected 
into a booster synchrotron, used to further accelerate the electrons84. The 
electrons travel around a fixed path and are kept in place by a magnetic field 
which curves the electrons around the ring84. The magnetic field strength is 
synchronised to the kinetic energy of the electrons to keep the electrons 
orbiting the ring in the same path84. Once at the required kinetic energy the 
electrons are injected into the storage ring which contains insertion devices 
(ID) to generate synchrotron radiation84. Although the whole light source 
facility is known as a synchrotron, the whole machine consists of these three 
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different accelerators; the linac, the booster and the storage ring (Figure 
2.1)84. In the storage ring, the electrons orbit is maintained by arrangements 
of dipole magnets84. Between the dipole magnets in straight sections, 
quadrupole and sextupole focusing magnets are used to contain the shape and 
structure of the electron beam84. The electrons orbit the storage ring in 
bunches which lose energy when they emit synchrotron radiation and so must 
be reenergised through radio frequency (RF) field cavities located in the 
straight sections84. As the electrons are curved around the light source, 
synchrotron radiation is emitted which is much more brilliant than that from 
an X-ray tube, but still divergent84. 
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Figure 2.1. A diagram of a synchrotron light source. Electrons generated 
by an electron gun are accelerated in a linac and injected into a booster 
synchrotron where they are further accelerated in a closed path. Upon 
reaching the required energy, they are injected into the storage ring to 
circulate at that energy. The electron bunches pass though bending magnets 
or IDs where the electron energy is radiated as photons. IDs are periodic 
magnetic structures which generate much more brilliant light than simple 
bending magnets. 
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2.1.3. Insertion devices (ID) 
The brilliance of the synchrotron radiation emitted by a light source 
can be improved with the addition of IDs to the straight sections of the 
storage ring84. There are three types of IDs; wavelength shifters, multi-pole 
wigglers and undulators (Figure 2.2). All three operate by inducing a large 
deflection in the electron path using powerful magnets, causing the emission 
of synchrotron radiation84. A wavelength shifter is a basic ID which deflects 
the electron beam laterally once and then returns it to the normal orbit84. This 
type of ID produces a similar type of emission to a normal dipole magnet 
except that the radiation is shifted to a shorter wavelength84. A multipole 
wiggler is a periodic array of magnets that cause the electron beam to 
undergo a transverse oscillation with the resulting changes in velocity causing 
the emission of synchrotron radiation84. The oscillations of the electrons do 
not overlap and hence the emission is incoherent, so a wiggler can be 
considered as a series of wavelength shifters connected together84. Undulators 
are mechanically similar to wigglers but produce much more brilliant 
synchrotron radiation84. Here the oscillations of the electrons overlap causing 
them to constructively interfere, producing a narrow bandwidth centred 
around its wavelength fundamental and odd harmonics84. The emission 
wavelength is effectively the Lorentz contracted period of the undulator from 
the electron frame, which is then Lorentz shifted to a shorter wavelength by 
the observer in the rest frame84. A longer undulator with more periods has a 
higher brilliance, as the bandwidth is inversely proportional to the number of 
periods, while the intensity scale by N2 where N is the number of periods84. 
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Figure 2.2. The generation of synchrotron radiation. Synchrotron radiation 
can be generated by bending magnets, wigglers, undulators and free electron 
lasers. The structure of the magnetic arrangements can increase the intensity 
of the radiation. Upon radial acceleration, relativistic electrons produce a 
forward pointing cone of synchrotron radiation. 
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2.1.4. Synchrotron facilities 
Macromolecular crystallography (MX) has become one of the most 
important uses for synchrotrons facilities providing biological structural data 
for structure-based drug design and enzyme mechanism study. This is 
particularly important for membrane proteins that transmit signals across cell 
membranes and play a large role in human health and disease85. The first 
decade of the 21st century produced a major structural genomics effort to take 
advantage of new genomic sequencing technologies86. High-throughput 
crystallisation resulting in improved screening and automated data collection 
at most synchrotron facilities generated a wealth of structural data. The 
Protein Data Bank (PDB) currently contains ~140,000 structures of biological 
macromolecules and complexes87. Biological structural determination is 
dominated by X-ray crystallography, accounting for 90%, with the other 10% 
made up with structures determined by nuclear magnetic resonance, 3D cryo-
electron microscopy and others87. This increased rate of throughput, fuelled 
by the availability of genomic data, required the construction of specialist MX 
beamlines at synchrotrons around the world. The majority of the work 
discussed in the thesis was carried out at the Super Photon Ring – 8 GeV 
(SPring-8) synchrotron located in Hyogo prefecture, Japan and will be used as 
an example to discuss specialist MX beamlines. 
SPring-8 is a third-generation synchrotron facility consisting of a 1 GeV 
linac, an 8 GeV synchrotron and an 8 GeV storage ring, currently the highest 
energy in the world88. Third generation synchrotron facilities were designed 
and built to produce the most brilliant X-rays from insertion devices. SPring-8 
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currently has 56 operating beamlines, operating in the hard X-ray (300 keV) 
to soft X-ray (300 eV) range. Of these 56, six are dedicated MX beamlines; 
BL26B1/2, BL32XU, BL38B1, BL41XU and BL44XU. A 7th, BL12B2 is a multi-
function beamline designed for a range of experiments including MX. Each 
beamline is designed and constructed to meet a specific experimental need. 
BL26B1/289 and BL38B190 are utilised as general, high-throughput beamlines, 
designed for testing crystal diffraction and high throughput data collection. 
BL32XU91 is specifically designed to deal with small protein crystals, on the 
order of microns. As already discussed, membrane proteins usually prove the 
most biologically important targets, but also most difficult crystallography 
targets. The optimal data collection strategy involves matching the size of the 
X-ray beam to the size of the crystal, primarily to reduce background 
scattering and increase the signal-to-noise ratio. Small membrane protein 
crystals therefore require a small X-ray beam, and so BL32XU was designed to 
produce a micro-focused beam, specifically a 1 x 1 μm2 beam size with photon 
flux density of 6 x 1010 photons/sec/μm2 at the sample position. An 
alternative design approach is utilised at BL41XU92 which currently produces 
the highest flux of any beamline in the world at 1 Å (2.2 × 1012 〜 1.1 × 1013 
photons/s). The increased flux in a spot size 80 (H) x 22 (V) μm2 helps boost 
the diffraction signal from weakly diffracting crystals at the expense of 
simultaneously amplifying the background as well. BL44XU93 is designed 
specifically for the collecting the structures of large biological macromolecular 
assemblies such as protein complexes and virus particles. These beamlines are 
prolific in producing highly cited research papers such as the crystal structure 
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of the CRISPR-Cas9 complex94. Despite this, the use of synchrotron radiation 
is limiting for MX samples as will be discussed later, and a new type of light 
source, the X-ray free electron laser, has recently been developed to improve 
on the current restrictions. 
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2.2. X-ray Free electron lasers 
2.2.1 Free electron laser structure 
An X-ray free electron laser (XFEL) is an X-ray source based on a linear 
accelerator in which relativistic electrons are forced to radiate coherently in 
extremely short pulses, producing X-ray pulses with a brilliance typically nine 
orders of magnitude higher than that from synchrotron light sources95. The 
main components of an XFEL are a linac which accelerates short bunches of 
electrons to multi-GeV energy followed by a series of long undulator 
modules95. The undulator modules are periodic magnetic structures that cause 
the electrons to oscillate sinusoidally and transversely to the beam direction 
(Figure 2.3)95. In the first undulator modules the electron bunches radiate 
spontaneously at a fundamental wavelength determined by the undulator 
period and the strength of the oscillation95. The periodic nature of the 
undulator results in interference of the radiation emitted at each period in the 
magnetic structure and this causes the spontaneous radiation to be emitted in 
a narrow range of wavelengths centred about the fundamental and odd 
harmonics95. This is the standard undulator radiation exploited on modern 
synchrotron radiation sources to produce intense, highly collimated, and 
narrow-bandwidth X-ray beams95. While the spectral properties of the 
undulator radiation are well defined, the temporal properties of the X-ray 
pulse are determined by the length of the electron bunch passing through the 
undulator, which is typically only picosecond duration in a storage ring-based 
synchrotron radiation source95. Also, the length of the bunch means the 
electrons along the bunch cannot radiate coherently, and so the total light 
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output is linearly proportional to the number of electrons in the bunch, which 
is limited by the electron beam dynamics of the storage ring95. All these 
factors limit the X-ray intensity that can be generated at a synchrotron light 
source95. However, unlike lasers that produce visible light, no material exists 
that can reflect hard X-rays, meaning the X-ray laser cannot use a resonance 
cavity to produce an in-phase photon source95. Therefore, the photons must 
be emitted in phase after a single pass through the XFEL undulator with 
sufficient intensity95.  
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Figure 2.3. A diagram of an undulator. The periodic arrangement of 
magnets causes the electron to oscillate transversely to the magnetic 
arrangement. The changing velocity causes the emission of synchrotron 
radiation in a narrow, forward cone that is Lorentz shifted to a shorter 
wavelength. The X-rays emitted at each peak constructively interfere to 
increase to intensity by N2. 
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2.2.2. Self-amplified spontaneous emission (SASE) 
An XFEL is designed to go beyond the limits of the spontaneous 
undulator radiation from synchrotron radiation sources to give shorter and 
more intense pulses by forcing the electrons to radiate coherently96. The first 
step is to use a linac rather than a storage ring as this allows the electron 
bunches to be made much shorter because there is no need to recirculate 
them96. A linac can be made to compress the electron bunches down to 
lengths ~50 fs or shorter, depending on the charge they contain96. This will 
give short pulses of radiation but bunches this short will not inherently give 
coherent emission at X-ray wavelengths and it is necessary to modulate the 
charge profile within the electron bunch at the required radiation 
wavelength96. In the simplest type of XFEL this is achieved by a process known 
as Self-Amplified Spontaneous Emission (SASE)96. The spontaneous radiation 
emitted in the first undulator modules propagates with the electron bunches, 
which interacts with the electron bunches in the following modules in such a 
way as to modulate the charge profile of the bunches at the wavelength of the 
radiation field96. This process, known as micro-bunching, compresses the 
electrons closer together so that they radiate coherently with each other, and 
the intensity of the emitted light rises exponentially until saturation occurs96. 
The saturation output is actually proportional to N(4/3), where N is the number 
of electrons radiating96. Although this is below the N2 relation for perfect 
coherent emission, the brilliance gain of the XFEL over a storage ring 
undulator is many orders of magnitude through a combination of the short 
pulse and the coherent emission, which increases the number of photons 
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emitted per electron and reduces the phase-space of the source96. Although 
the SASE process is simple to implement it does have a significant 
disadvantage in that, because the amplification process starts from a 
distribution of random frequencies within the spontaneous bandwidth, the 
precise wavelength of the radiation output is not absolutely defined96. Indeed, 
in general the output consists of many longitudinal modes that vary in 
wavelength and relative intensity on a shot-by-shot basis96. The modes exist 
within a total pulse length that is determined by the electron bunch length96. 
The SASE pulse is thus a set of random radiation spikes that are spectrally 
within an envelope that is similar to the spontaneous emission envelope and 
temporally within the envelope determined by the overall bunch length96. 
Thus, although the SASE mode of operation can give X-ray pulses that are 
very short, <10 fs, the pulses tend to fluctuate in overall intensity and have 
poor wavelength stability and temporal coherence, though transverse 
coherence is normally very high96. However, there is much active research 
being undertaken into developing techniques to improve the temporal 
properties of the SASE output96. For example, a technique known as self-
seeding is now well established to improve the temporal coherence and 
wavelength stability by filtering the SASE radiation to a narrow frequency 
band at an intermediate point in the amplification process97,98. However, the 
intensity fluctuations remain.  
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2.2.3. XFEL facilities 
There are currently five XFEL facilities either currently operating or 
undergoing commissioning; LCLS (Linac Coherent Light Source) in the USA99, 
SACLA (SPring-8 Angstrom Compact Free-electron Laser) in Japan100, the 
EuXFEL (European X-ray free-electron laser) in Germany101, PAL-XFEL 
(Pohang Accelerator Laboratory’s hard X-ray free electron laser) in South 
Korea102 and SwissFEL (X-ray free electron laser at the Paul Scherrer Institute) 
in Switzerland103. A technical comparison is provided in Table 2.1. LCLS is the 
first XFEL to demonstrate the effectiveness of the self-seeding method by 
using self-seeding X-rays from the first half of the undulator modules to seed 
to the second half98. A chicane is used to bend the electron beam around a 
diamond monochromator which generates a temporally coherent seed for the 
photons produced in the second set of modules, producing a near bandwidth-
limited pulse. EuXFEL has been constructed to produce a repetition rate of 
27,000 Hz compared to 120 Hz for LCLS achieved through the use of 
superconducting RF cavities. 
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Table 2.1. A comparison of the five currently operating X-ray free electron 
lasers. 
 LCLS SACLA EuXFEL PAL-XFEL SwissFEL 
Location USA Japan Germany South Korea Switzerland 
Commissioning 2009 2011 2016 2016 2016 
Repetition rate 
(Hz) 
120 60 27,000 60 100 
Minimum 
wavelength 
(nm) 
0.15 0.08 0.05 0.06 0.1 
Maximum 
electron energy 
(GeV) 
14.3 8.5 17.5 10.0 5.8 
Peak brilliance 
(photons/s/m
m/mrad/0.1% 
BW) 
2 x 1033 
(2.75 x 1034 
with seeding) 
1 x 1033 5 x 1033 1.3 x 1033 1 x 1033 
Facility length 
(km) 
3.0 0.75 3.4 0.74 1.1 
Number of 
undulators 
1 3 3 2 1 
Number of 
experimental 
stations 
7 4 6 3 3 
 
 
 
 
 
 
 
 72 
2.3. Metalloprotein radiation damage  
2.3.1. Radiation damage in MX 
The interaction of the ionizing X-ray beam with the biological crystal is 
a limiting factor for X-ray crystallography. During the development of the 
field, room temperature (RT) data collection was the norm, and during data 
collection the diffractive power of the crystal was observed to fade with 
increasing X-ray exposure104. This problem was originally overcome by 
collecting partially complete datasets from a number of crystals and 
combining them, a solution crystallography is starting to return to in the 
present105. The advent of cryocrystallography where protein crystals are flash 
frozen in liquid nitrogen (LN2) and maintained at 100 K during data 
collection allowed full datasets to be collected from one single crystal, at 
much higher resolution, reducing the amount of protein required to collect a 
dataset106. Compared to RT, cryogenic temperature data collection allows for 
70 times more absorbed dose before the diffraction quality began to reduce107. 
However, with the advent of higher energy synchrotrons and, subsequently, 
higher flux density beamlines, radiation damage has also been observed at 
cryo temptures108. Given all the effort required to overcome the 
crystallography bottleneck, growing the crystal, it is necessary to limit the 
effects of radiation damage to ensure that an atomic model can be 
determined. 
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2.3.2. Elastic scattering, inelastic scattering and the photoelectric effect 
When the X-ray beam interacts with protein crystal, it interacts in three 
district ways; elastic (Thompson) scattering109, inelastic (Compton) 
scattering110 and the photoelectric effect (Figure 2.4)111. In a perfect situation 
100% of the X-ray beam would be scattered elastically by the crystal and 
phase shifted to produce a constructive diffraction pattern. The X-ray energies 
used for X-ray crystallography are around 12.4 keV (1 Å), corresponding to 
atomic bond lengths112. At 12.4 keV for a 50 μm thick crystal, ~1% of the 
photons will interact with the crystal, with the rest being deposited in to the 
beamstop112. Of the ~1% of the interacting beam, ~0.1% is scattered 
elastically, contributing to the diffraction pattern and not depositing any 
energy into the crystal112. The rest of the beam, however, does deposit energy 
in the crystal through Compton scattering and photoelectron production112. 
Compton scattering involves an X-ray photon interacting with an atomic 
electron and either causing it to become excited and move up an energy level, 
or if it has a high enough energy, ejecting it completely from its orbit, 
resulting in the X-ray being transmitted at a longer wavelength112. This only 
accounts for ~10% of non-elastic interactions however, with the predominant 
form occurring via the photoelectric effect112. Here, the atom absorbs the X-
ray photon and an atomic electron is ejected from its orbital112. Photoelectrons 
have been observed moving through the crystal ~4 μm from the point of 
ejection112. As photoelectrons travels through the crystal they interact with 
atoms in their path until the photoelectron loses all its energy112. Each 
interaction can theoretically create up to ~500 further ionizations events and 
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is the reason that causes photoelectrons to be the major destructive 
component of X-ray absorption, with one photon able to set off a chain 
reaction of ionization events113. Here we can separate the primary damage 
event, the X-ray absorption, and the secondary damage event, the subsequent 
ionizations events caused by the emitted photoelectron. As protein crystals 
contain 30 - 80% solvent, photoelectrons split water into a proton and a 
hydroxyl radical (.OH) which contribute to secondary radiation damage112.  
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Figure 2.4. The photoelectric effect. Incoming photons strike a material and 
cause the emission of electrons from the material. The incoming photons must 
have energy above a threshold level to cause the electrons to be ejected. 
Photoelectrons generated in a protein crystal can set off a cascade of 
ionisation events and damage the local and subsequently global structure. 
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2.3.3. The effects of radiation damage 
The physical and chemical effects of radiation damage are divided into 
two parts; global and specific effects. The most notable effect of global 
damage as already mentioned is a reduction in the diffractive power of the 
crystal with increasing absorbed dose. This leads to an overall decrease in the 
resolution limit over the course of data collection114. After data processing, the 
other effects of global damage are evident in the cell dimensions and merging 
statistics. The volume of the unit cell, the Wilson B-factor, Rmerge and the 
crystal mosaicity all generally increase with dose, while I/σ(I) decreases115–117. 
Monitoring these changes during data collection is important so the 
experimenter knows when the crystal should be discarded. The loss of 
diffracting power relates to a general degradation in the crystalline order of 
the crystal (Figure 2.5). The effects of global damage were originally thought 
to be a consequence of the X-ray beam heating up the crystal and that cooling 
the crystal using liquid helium instead of LN2 would reduce radiation damage 
further. The effectiveness of this method, while positive, was small and not 
enough to explain the effects of global damage118. More recently it has been 
suggested that radiation induced hydrogen abstraction is the cause of the 
increase in crystalline disorder119. Hydrogen gas produced throughout the 
crystal can diffuse inside the crystal, but at cryogenic temperatures diffusion is 
slow and most of the gas converges at the grain boundaries, deforming the 
lattice and increasing the unit cell size120. Along with the degradation of the 
crystal lattice, diffusing photo and Auger electrons can attack particularity 
sensitive parts of proteins. These include the reduction of disulphide 
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bridges121, glutamic and aspartic acid residues decarboxylation122 and the 
reduction of metal ligands123. Specific radiation damage occurring in and 
around the active site of an enzyme complicates the interpretation of the true 
electron density map, especially if the damage is not recognised by the 
experimenter for what it is. The active sites of enzymes are often under the 
most steric and chemical stress and so may be more susceptible to attack from 
energised electrons117,124. Novel protein structure with no suitable homologue 
may require experimental phasing to solve the phase problem. Radiation 
damage can be deleterious to phasing techniques where differences in the 
intensity of Bijvoet reflection pairs must be measured accurately to work out 
the difference of the effect of anomalous scattering. Radiation damage can 
prevent the Bijvoet ratio from being measured correctly and prevent correct 
structure determination. Conversely, radiation damage can also be used to 
solve the phase problem by inducing measurable structure changes with a 
long X-ray exposure125. 
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Figure 2.5. A comparison of diffraction patterns after XFEL exposure. A 
single crystal of AxNiR collected at SACLA BL3 with a 1 mm Al attenuated 
beam. The crystal was exposed with the highly attenuated beam twice in the 
same spot. The spot count, based on a threshold of I/σ = 5, was for (a) 395 
and (b) 222. A reduced reflection count is indicative of global radiation 
damage. 
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2.3.4. The mitigation of radiation damage 
The most important step of mitigating radiation damage is to recognise 
its impact in the first place. The effects of global damage are clearly visible in 
the loss of diffraction power with absorbed dose and can be monitored simply 
by a measure of the number of Bragg reflections during data collection126. 
Specific radiation damage on the other hand can normally only be interpreted 
from the electron density map. However, on-line monitoring has now become 
common place at modern synchrotron facilities where UV–visible absorption, 
and in some cases X-ray absorption spectroscopy (XAFS), can be carried 
simultaneously with data collection to monitor the redox states of metal sites 
within the crystal127. As the effects of specific radiation damage usually occur 
at a much lower dose than global damage, it is important to know at what 
dose the change has occurred and prevent the joint refinement of two distinct 
redox states128. Once the level of radiation damage can be measured, the most 
common and most important response is to reduce X-ray dose. With a large 
protein crystal (>100 µm), it may be advantageous to subdivide the crystal 
and collect part of the data from individual segments such that merging them 
would provide a complete data set. This spreads the absorbed dose over a 
larger crystal volume, maximising the experimentally useful diffraction from 
the whole crystal. While the interaction of the X-ray with the crystal and 
subsequent absorption (primary event) cannot be prevented, the diffusion of 
the subsequent energized electrons can be reduced by reducing the overall 
energy of the system. Maintaining the temperature of the crystal at 100 K 
during data collection using LN2 prevents the diffusion of radical products 
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produced by the radiolysis of solvent in the crystal. Even at 100 K quantum 
mechanical effects are still able to operate and electrons and holes are able to 
tunnel along the protein backbone129. Cryocrystallography is the current 
dominant method for all structural biology, but with 4th generation 
synchrotrons starting to be brought online offering even higher flux densities 
the limits are beginning to be tested130. Single photon counting detectors are 
now common on modern synchrotron beamline which operate with a fast 
readout time, 3 ms compared to >100 ms for a charge-coupled device (CCD) 
detector. Because of the fast readout there is no requirement to open and 
close the X-ray shutter, waiting for the goniometer movement. With 
shutterless data collection, detectors are beginning to match the intensities 
coming out of the samples, reducing the amount of dose that must be 
deposited as more of the diffraction is captured.  
While little can currently be done about primary damage or quantum 
tunnelling, all crystallographers are able to utilise a good data collection 
strategy to get the best experimental data from their crystals. Firstly, this 
involves using the lowest photon irradiance required to collect a complete 
dataset, at the expense of resolution. This last point is important in the case of 
radiation sensitive proteins or if there is a need to experimentally phase the 
structure. Many synchrotrons now offer automated data collection strategy 
software designed to aid crystallographers to extract the best quality data 
from their crystals. Taking into account crystal size to match the beam, crystal 
symmetry to collect the smallest amount of rotational data and predicted 
merging statistics to collect to the predicted highest resolution, a strategy can 
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be suggested to aid decision making with radiation damage in mind131. Dose 
can also be spread out by using helical data collection strategies on long, rod 
shaped crystals, merging partial datasets from a number of crystals or, more 
recently, merging many thousands of single images from many tiny crystals to 
complete a dataset. This last option is part of recent development of data 
collection at XFEL facilities where the crystalline material is destroyed from a 
single shot of X-ray laser pulse lasting <10 fs and must be replenished in a 
serial manner to complete a dataset. 
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2.4. Serial Crystallography using SR and XFEL 
2.4.1 Diffraction before destruction 
XFELs produce X-ray pulses on a femtosecond timescale with a peak 
intensity a billion times higher than any synchrotron source. An X-ray tube 
has a brilliance of ~107, a synchrotron light source ~1022, compared to an 
XFEL ~1033. In synchrotron crystallography photons are scattered and 
absorbed by the protein crystal, contributing to radiation damage while data 
collection is occurring. The timescale of synchrotron data collection is in the 
order of a few 10s of seconds for modern beamline setup. Despite this 
relatively rapid data collection, crystals can undergo significant radiation 
induced changes during this period, and X-ray radiolysis has been used to 
exploit the capturing of a redox reaction in a biological system132. This means 
that the collected diffraction pattern is not a true representation of the protein 
structure. This requires that great care is taken when modelling electron 
density maps not to attribute biological significance to artefacts generated by 
radiation damage. The opposite it also true, where biologically significant 
structural information is lost from the crystal during data collection. XFELs 
have the ability to overcome this problem of data collection timescale because 
of the unique pulse structure they produce. XFEL facilities generate pulses on 
the timescale of femtoseconds, much shorter than the timescale for radiation 
damage to occur133. This allows the X-ray pulses to outrun the effects of 
radiation damage, undergoing elastic scattering in the crystal and being 
collected on the detector before deposited photons have the chance to affect 
the biological crystal134. This timescale is even shorter than the motions of 
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molecular vibrations (10-10 s) and rotations (10-13 s) and produces time-frozen 
structures prior to the onset of any molecular motion or reaction induced by 
X-rays135. Because radiation damage can now be outrun the crystal can be 
exposed to a much greater dose, and much more weakly diffracting crystals 
can be used for data collection. This also removes the need to cryocool them 
as the temperature of the crystal is irrelevant at a timescale shorter than 
molecular movement for preventing radiation damage. This huge increase in 
photon intensity, however, is accompanied by the complete ionization and 
destruction of any material placed in the beam path, meaning only one single, 
undamaged image can be obtained per crystal. These images are snapshots, 
with no oscillation and must be processed in a different manner to 
conventional synchrotron datasets. To collect a full dataset, a constant supply 
of homogenous crystalline material must be fed into the XFEL beam in a serial 
manner. 
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2.4.2. Serial femtosecond crystallography (SFX) 
One of the most successful systems taking advantage of the high 
repetition rate of the XFEL at LCLS and SACLA has been an injection system 
that is designed to extrude a volume of protein microcrystals combined with a 
carrier matrix into the beam path136. This process has subsequently been 
designated serial femtosecond crystallography (SFX) (Figure 2.6). The use of 
microcrystals for X-ray diffraction experiments has presented a new hope for 
crystallographers working to increase the size of their membrane protein or 
protein complex crystals, required for MX experiments. The success of an SFX 
experiment is dependent on the ability to grow a large volume of well-
diffracting, homogenous, micro- or nano-crystals along with a compatible 
carrier matrix137. As the crystals are injected, the diffraction images are 
collected from the crystals with random orientations. The first iteration of 
injector was a liquid jet, which was convenient to use from a data collection 
standpoint but wasteful in terms of sample as the flow rate is very high, as 
well as having a propensity for ice crystal formation. To reduce the sample 
consumption and ice formation, gas dynamic virtual nozzles (GDVN) were 
developed consisting of two capillaries, one inside the other138. The sample 
flow down the inside tube is focused by a flow of helium gas along the outside 
capillary. This reduces the risk of crystals clogging the nozzle and reduces the 
background scattering by reducing the diameter of the stream. However, 
despite the improvement over liquid jets, GDVN’s still run with a high flow 
rate (10–30 ml min-1), still wasteful of sample, particularly given how difficult 
some membrane proteins can be to purify. The limited repetition rate at 
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SACLA (60 Hz) relative to LCLS (120 Hz) means half as many crystals have 
no opportunity to interact with an XFEL pulse. To further reduce the crystal 
flow rate, the viscosity of the sample delivery matrix can be increased with a 
flow rate closer to (0.1–3 ml min-1)139,140. This can be either a grease140 or 
cellulose141 matrix for soluble proteins or lipidic cubic phases (LCP)142,143 for 
membrane proteins. As the microcrystals pass in front of the FEL pulse, a 
series of randomly oriented, crystal snapshots are collected before the crystal 
is destroyed. The quality of the diffraction images is variable because of 
variations in crystal quality and size, and the location of the FEL pulse hitting 
the crystal with diffraction occurring through different amounts of crystal 
volume. Unlike storage rings, the shot to shot variation is significant. New 
iterative processing methods are required to reduce the error captured during 
data collection.  
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Figure 2.6. A diagram of an SFX experiment. An injector system constantly 
introduces randomly oriented nanocrystals into the path of the XFEL pulses. 
The hit rate is dependent on the speed of the XFEL repetition rate, the density 
of the microcrystals and the flow rate of the injector. Crystals hit by the beam 
produce a diffraction pattern and then are destroyed by the pulse47.  
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2.4.3. Serial femtosecond rotational crystallography (SF-ROX)  
Using microcrystals to produce an electron density map has inherent 
limitations for collecting high resolution X-ray diffraction data. The low hit 
rate combined with the small size of the crystal means large numbers of 
repeat experiments are required to produce good quality data, as many 
independent partial observations must be averaged from many different 
crystals. An alternate approach is to use a large crystal with a goniometer 
similar to SR crystallography known as serial femtosecond rotation 
crystallography (SF-ROX). Because the size of the crystal volume interacting 
with the X-ray beam scales linearly with the complete diffraction intensity, 
larger crystals are desirable for the collection of high resolution data144. 
However, large crystals have a number of potential problems, where the ever-
increasing size the crystal produces more opportunities for regional crystal 
variation such as un-oriented crystallites. The ability to collect the high-
resolution data is necessary for mechanistic understanding of enzyme 
reactions. Using a single large crystal with a FEL allows for the use of the 
usual synchrotron goniometer setup, and the diffraction data can be 
processed in the same manner as at a synchrotron beamline as the rotation 
sequence of the images is known (Figure 2.7). Large crystals (~1 x 1 x 0.05 
mm) are picked with traditional cryoloops and mounted on the beamline 
either at cryo or room temperature using the humid air and glue method126,145. 
The crystal is centred manually but because of the crystal size and the need to 
maximise image numbers from each crystal, the crystal is defined by centring 
each corner and relaying the coordinates to a data collection strategy 
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program. To achieve the desired ‘diffraction before destruction’ effect, the 
crystal must be translated between each shot to expose fresh, undamaged 
crystal which was determined in cytochrome c oxidase to be 50 μm for a 
beam size of 1.8 (H) x 1.2 (V) μm2, i.e. ~25 times the size of the X-ray pulse. 
The crystal must also be rotated between each exposure to process the data in 
a similar manner to conventional SR data collection. By rotating the crystal, 
conventional MX programs could treat the snapshots (still images) as 
oscillation images with an oscillation range equal to the between rotation 
step, even though a selection of the spot intensity would be missing. Tests 
using lysozyme crystals determined one-third of the crystal’s mosaicity to be 
an appropriate rotation step between shots. 
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Figure 2.7. A diagram of an SF-ROX experiment. Large, loop mounted 
crystals are positioned on the goniometer and translated horizontally and 
vertically in the XFEL beam. Multiple snapshots are collected from the crystal 
with characteristic holes left, drilled by the XFEL pulse. The crystal is 
translated 50 µm in between each shot to prevent the shots overlapping in 
radiation damaged zones. A rotation step is also introduced between 
snapshots to cover the reciprocal space of the crystal lattice37. 
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2.4.4. Serial synchrotron crystallography (SSX) 
With the advent of microfocus beamlines data can be collected from 
much smaller crystals at synchrotron sources. To overcome the limits of 
radiation damage, high-dose but small wedge datasets are collected from a 
number of microcrystals and scaled to produce the full dataset146. With the 
advent of serial crystallography at XFELs and the subsequent development of 
brand new data collection systems, strategies and software, much of that 
work has recently found its way back to the synchrotron105,139,147. While the 
effects of radiation damage cannot be overcome in the same manner as with 
an XFEL, the use of serial crystallography is appealing as it allows the 
absorbed dose to be shared over an enormous number of nanoscale crystals 
limited only by the intensity of the synchrotron X-ray source and the sample 
volume. This means the signal can be captured from each nanocrystal with 
the minimum dose and, while not outrunning the photoelectric effect, may 
allow secondary radiation damage to be overcome148. The advent of fourth 
generation synchrotron facilities, such as MAX IV, Lund, Sweden which uses a 
multi-bend achromat lattice to achieve sub-nanometre radian electron beam 
emittance, will hopefully allow for full advantage to be taken of these 
techniques130. Sample delivery occurs either using an injector system or a 
fixed target system. Injector systems, developed from SFX experimental 
setups, operate in much the same manner. The benefits of reduced sample 
consumption and use of micro- or nanocrystals still exist, as well as the 
benefit of time-resolved data collection, albeit at a reduced timescale of 
milliseconds, compared to femtoseconds55. Fixed target data collection 
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methods have been developed more aggressively for the synchrotrons than for 
XFELs as data collection occurs over a longer time period, allowing for a more 
controlled strategy to reduce sample consumption. Fixed-target systems based 
on crystals held in silicon nitride chips149, grids150 or loops126 developed for 
XFELs, that all led to significant reductions in sample consumption, have been 
replicated at synchrotrons (Figure 2.8). Recently, a new sample delivery 
system was demonstrated using a polyimide tape drive pass crystal suspension 
through the X-ray beam151. Using the tape to transfer the crystal solution 
allows for inhibitor mixing prior to crystal deposition on the tape, and for 
time-resolved experiments to be carried out by varying the mixing and tape 
speed. 
While the photoelectrons generated by primary radiation damage are a 
hindrance to ‘damage-free’ data collection, they can in some cases be 
harnessed for driving the chemical reactions in the crystals during data 
collection. In enzymes such as CuNiRs, where the enzyme mechanism is 
reliant on an input of electrons, these solvated electrons are generated in the 
crystal and used to drive the nitrite reduction mechanism152. This property 
was first exploited in cytochrome P450cam, where irradiation of the adduct 
bound crystallised enzyme caused the breakdown of the adduct and the 
formation of an intermediate and associated structural changes, which in turn 
were observed in-situ153. The resolution of the crystal must be high enough to 
observe all the partial occupancy intermediates of the enzyme during data 
collection. The crystal also needs to be robust enough to survive multiple 
datasets collected from the same region in quick succession. The recent 
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development of rapid, shutterless X-ray detectors, such as the Pilatus 6M-F 
(Dectris) detector, has facilitated the fast and sequential data collection 
required for this technique154,155. This technique has recently been applied to 
AcNiR where a series of 45 consecutive datasets were collected from a single 
crystal soaked in NO2- 132. Known as multiple structures serially obtained from 
one crystal (MSOX), this allowed a molecular movie to be generated showing 
the complete reduction reaction. The generated photoelectrons reduce the 
T1Cu which transfer along the Cys-His bridge to the T2Cu converting NO2- to 
side-on NO which then dissociates allowing water to rebind the T2Cu. The 
use of single large crystals for time-resolved data collection has a number of 
advantages in that it avoids the problem of crystal heterogeneity experienced 
in serial crystallography and uses a large diffraction volume to obtain high 
resolution139. MSOX has subsequently been used with AcNiR to access 
temperature dependent protein conformations during irradiation through 
varying the temperature at which data collection occured156. 
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Figure 2.8. Three examples of SSX experimental setups. Three crystal 
sample delivery methods for synchrotron radiation crystallography. (a) An 
injector system based on the system developer for XFEL sources. (b) 
Randomly orientated microcrystal slurry frozen in a cryo holder loop which is 
scanned by the X-ray beam. (c) Microcrystals are held in silicon nitride chip. 
The beam can be directed at specific points giving a high hit rate. 
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2.4.5. Processing serial data 
Serial data collection refers to a situation where one, or a small 
number of images, are collected from a single crystal. During a classical MX 
experiment at a synchrotron or an in-house set up, the crystal is rotated in the 
X-ray beam during illumination to move reflections through the Bragg 
condition. In XFEL experiments, the pulse is so short that no rotation occurs 
and only a snapshot, i.e. a still image, is collected. As crystalline material is 
delivered into the beam path, the detector is constantly read out, regardless of 
any interaction between the beam and crystal. This creates two classes of 
frames; one with diffraction data, hits, and one without, misses. The first 
processing step requires accurate detection of images with true Bragg spots. 
The detector readout is processed and images with a set number of spots, 
usually 10-30, are sorted, while blank images are discarded. Processing 
snapshot data starts with the recognition of two problems caused by the 
instant destruction of the crystal from the femtoseconds pulse. Each image 
contains the diffraction from one, now destroyed, crystal, which had an 
unknown orientation and unit-cell parameters when it interacted with the 
XFEL pulse157. The collection of femtosecond data is currently limited by the 
lack of photon-counting detectors which are unable to readout in time with a 
current limit of ∼ 107 photons/s/pixel42. 
To start data processing, this data must be gleaned from the snapshot 
image, which covers a very small region of the reciprocal space compared to 
MX oscillation experiment. This also presents the problem of partiality. In an 
oscillation experiment, as the crystal is rotated during illumination, the 
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reciprocal lattice point moves through the Bragg condition and the diffracted 
intensity is recorded159. This is represented as a Gaussian distribution, with 
the intensity highest in the middle and decreasing at both tails. The entirety 
of that curve is integrated to give the full reflection intensity. Because XFEL 
images are recorded as snapshots, the reflection does not pass fully through 
the Bragg condition, and as such only a section of the curve is measured, 
producing a partial intensity. This partiality can be corrected if the 
experimental geometry can be calculated correctly. For purposes of clarity, 
multiplicity in this thesis will refer to several partial intensity measurements 
and not to fully integrated intensities that will be referred to as redundancy. 
Processing serial data requires a more automated approach than at 
synchrotron beamlines because of the high rate of data collection; at SACLA 
approximately 1.6 terabytes of data are collected in an hour160. Currently, 
three software suites exist for processing XFEL crystallography data; CrystFEL, 
ccbtx.xfel and nXDS161–163. These three software suites contain inbuilt spot 
finding algorithms, but at SACLA, Cheetah is used to process images in real 
time in a parallel manner using a high-performance cluster to allow data 
processing during collection164. The data processing pipeline at SACLA utilises 
CrystFEL for data processing165. As each image is a snapshot, a large number 
are required to complete the dataset. Each image is indexed individually, and 
the unit cell is derived from a distribution of the cell lengths and angles. 
CrystFEL does not have an inbuilt indexing and integration program but acts 
as framework to link with multiple programs such as MOSFLM, DirAx and XDS 
to solve the problem of indexing still images166–168. The space group of a 
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crystal is only a hypothesis until the structure is solved. In an MX experiment 
with a novel crystal the data is merged in the lowest symmetry, and higher 
symmetries are explored later. Determination of a crystal space group using 
serial crystallography requires the opposite approach. In special cases where 
the crystal symmetry classes have less rotational symmetry than their lattices, 
each image must be allocated the indexing assignment; otherwise, after 
merging, the data will indicate an artificial twinning signal169. Therefore, 
datasets are merged in the highest possible symmetry to begin with, before 
identifying and resolving the ambiguity. This is implemented in CrystFEL as 
Ambigator which uses a clustering algorithm to calculate a correlation 
coefficient between each and every other image, and then the mean 
coefficient between each indexing assignment is compared170. Refinement of 
detector geometry is specifically important for XFEL data collection because of 
the multi-panel design implemented171,172. Data collection with multi-port 
detectors, where the detector surface is made up of a number of small panels, 
benefits from geometry optimisation of each panel individually relative to the 
crystals and beam position. Refinement of the beam energy per image is also 
important due to the shot-to-shot variation in a SASE X-ray beam. Partial 
diffraction intensities are then merged in a Monte Carlo-like fashion to 
produce the output hkl file173,174. Data processing results benefit from post 
refinement of image B-factors and better estimation of the partialities of the 
reflections. There are two main programs available for dealing with partial 
reflections; Partialator (CrystFEL) and Prime (ccbtx.xfel)170,175. After post-
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refinement, the data are exported into MTZ format and can be treated like 
crystallographic data obtained at a synchrotron.  
The quality of the data produced from a serial experiment can be 
judged by splitting the data into two half-datasets and merging them 
independently. This has been implemented to produced two figures of merit, 
Rsplit and CC*, which will be used to assess serial crystallography data quality 
in this thesis. Rsplit is defined as 
 
𝑅9:;<= = 2)?/# ∑|𝐼DEDF − 𝐼HII|12∑(𝐼DEDF + 𝐼HII) 
 
where the agreement between the two intensity lists is compared161. CC* is a 
defined as 
 
𝐶𝐶∗ = 	M 2𝐶𝐶?/#1 + 𝐶𝐶?/# 
 
where CC1/2 is a Pearson correlation coefficient between two half datasets 
and CC* estimates the value of the true CC value, based on a finite sample 
size176,177. Resolution cut-offs will be based on Rsplit and the CC1/2 derivative of 
CC*. 
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2.5. Research aims 
CuNiRs represent important research targets because of their role in 
denitrification and pathogenesis. Denitrification is part of the nitrogen cycle, 
and as such is of central importance in agrochemical balance especially 
relating to anthropogenic effects. Several denitrifiers have emerged as 
opportunistic pathogens, as denitrifying conditions prevail in patients, 
particularly those suffering from cystic fibrosis or requiring catheter 
assistance. The two copper sites at the heart of the enzyme form a PCET core 
that is utilised in the nitrite reduction mechanism, but structural, kinetic and 
theoretical methods have provided conflicting evidence on the order of the 
reaction61,62,64,178. One explanation for this is that during structural studies, 
CuNiR crystals are damaged by the incident X-rays which induce new 
photochemistry in the enzyme. One of the copper sites, T1Cu, is prone to 
specific radiation damage, becoming reduced at a very low X-ray dose, almost 
immediately during modern synchrotron data collection127. The mode of 
substrate and product binding has also to be resolved with two distinct 
orientations visible in high-resolution structures156,179. High resolution, 
damage-free structural determination of the ligand binding modes, electron 
and proton transfer pathways and the active site water network is necessary 
to explain the mechanism. The motive for this PhD was to investigate whether 
radiation damage is obscuring any mechanistic structural data in CuNiR. In 
this work two CuNiRs, AxNiR and AcNiR were expressed, purified and 
crystallised for serial crystallography data collection at the SACLA XFEL 
facility in Japan. AcNiR was also selected for expression in heavy water for 
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production of crystal suitable for neutron crystallography (NX) with the goal 
of identifying the protonation states of resting state, catalytic residues. Crystal 
structures of both enzymes were determined using femtosecond 
crystallography and these are presented here along with accompanying work. 
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Chapter 3 - Methods and materials 
 
3.1. Production of recombinant AxNiR 
3.1.1. Cloning and preparation of expression hosts  
A DNA fragment encoding the ORF of wild-type nirK gene of A. 
xylosoxidans without its periplasmic signal peptide, was cloned into a pET-
28a(+) vector (Merck KGaA, Darmstadt, Germany). The gene was amplified 
by PCR using the oligonucleotide primers: 
 
AxNiR_fw (50-CCCGTCTCCCATGCAGGACGCCGACAAGC-30) 
 AxNiR_rv (50-GGAAGCTTTCAGCGCGGAATCGGC-30)  
 
(restriction sites underlined) and cloned between the HindIII and NcoI 
restriction sites of the vector, to give a recombinant vector, pET-28a(+)-nirK 
for overexpression. pET-28a(+)-nirK plasmid was transformed into 
competent Escherichia coli (E. coli) cells (BL21 DE3) using heat shock 
transformation. The transformant was cultured on Lysogeny broth (LB) agar, 
50 μg/mL kanamycin (Kan) to isolate individual colonies. 
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3.1.2. Overexpression 
A starter culture of 100 mL LB, 50 μg/mL Kan, was inoculated with a 
single transformant colony and incubated for 4 hours with 180 RPM shaking 
at 37°C. 10 ml of starter culture was transferred to 6 x 5 L baffled flasks 
containing 1 L LB supplemented with 50 μg/ml Kan. Culture flasks were 
incubated in New Brunswick Scientific™ Innova® 44 incubators at 37°C with 
110 RPM shaking until the optical density had reached OD600~0.5 AU 
(NanoDrop 1000). Protein overexpression was induced with 0.5 mM isopropyl 
β-D-1-thiogalactopyranoside (IPTG) and 1 mM CuSO4. The temperature was 
lowered to 25°C and cell incubated overnight. Cell pellet were collected by 
centrifugation at 6000 RPM (Hitachi, R9A rotor) for 15 minutes. 41 g of cell 
pellet was collected from 6 L of LB broth and was stored at -70 °C. 
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3.1.3. Purification of cell lysate 
Five grams of cell pellet was resuspended in 50ml lysis buffer (20 mM 
Tris-HCl, pH 7.0, 0.1 mg/ml Lysozyme, 1 mg/ml Roche Protease Inhibitor 
Cocktail Set III and 0.1 mg/ml DNase) and stirred on ice for 30 minutes. Cells 
were disrupted by sonication (Branson™ Sonifer® SFX 550). The lysate was 
sonicated for 10, 30 s periods with 30 s pause in between. Cell debris was 
removed by centrifugation at 20,000 RPM (Hitachi, R20A2 rotor) for 30 
minutes. Cell lysate was collected in 50 kDa molecular weight cut-off 
(MWCO) dialysis tubing (Thermo Fisher Scientific™ SnakeSkin®) and 
dialyzed against 2 L dialysis buffer (20 mM Tris-HCl, pH 7.0, 1 mM CuSO4) to 
restore the copper content of the T2Cu site to the Cu(II) oxidisation state. 
This was repeated twice for 2 hours each, followed by 12 hours of dialysis 
against just 20 mM Tris-HCl, pH 7.0. 
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3.1.4. Weak-cation exchange chromatography 
The cell lysate collected from the dialysis tube after 12 hours had a 
blue colour. A small amount of precipitate formed during dialysis was 
removed by centrifugation at 20,000 RPM (Hitachi, R20A2 rotor) for 30 
minutes. The lysate was applied to 10 cm of carboxymethyl cellulose resin 
(Whatman, CM52) set in a gravity chromatography column (ID 2.5 cm), with 
column volume (CV) 50 ml. The resin was pre-washed with 1 CV of 1 M Tris-
HCl, pH 7.0, followed by 4 CV H2O, followed by 1 CV of 20 mM Tris-HCl, pH 
7.0. A blue fraction band was observed binding at the top of the column after 
protein loading. The lysate flow-through and all subsequent fractions were 
collected. The column was then washed with 1 CV 20 mM Tris-HCl, pH 7.0 
followed by a step NaCl gradient (1 CV 20 mM Tris-HCl, pH 7.0 + 0, 50, 100, 
150, 300, 1000 and 1500 mM NaCl). The blue protein eluted in the 100 mM 
NaCl fraction. This was observed by eye and confirmed with sodium dodecyl 
sulphate polyacrylamide gel electrophoresis (SDS-PAGE) (Figure 3.1). 
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Figure 3.1. An SDS-PAGE gel showing the purification of AxNiR using 
carboxymethyl cellulose. The 100 mM NaCl fraction from the carboxymethyl 
cellulose column contained the eluted AxNiR. Both the monomeric and 
oligomeric forms are visible on the gel despite this being an SDS gel. This is 
often observed with trimeric CuNiRs due to the trimer formation around the 
catalytic T2Cu site forming a strong affinity. 
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3.1.5. Size exclusion chromatography 
The blue 100 mM NaCl carboxymethyl cellulose fraction was 
concentrated to 1 ml using a Millipore™, Amicon® 50 kDa MWCO centrifugal 
filter. This fraction was applied to a GE HiLoad® 16/600 Superdex® 200 pg 
size exclusion chromatography (SEC) column attached to an GE™ AKTA® 
Explorer 900. The mobile phase was 10 mM Tris-HCl, pH 7.0, 200 mM NaCl. 
The pump was set to 1 ml/min and the UV–visible absorbance was observed 
at 280, 260 and 600 nm. The blue AxNiR fraction eluted in a single peak at 
74.7 ml (Figure 3.2). Protein concentration was determined by 
spectrophotometric absorbance (NanoDrop 1000) at 280 nm using a molar 
attenuation coefficient of 43,890 M-1 cm-1. 5 g of cell pellet per purification 
run produced on average 15 mg of AxNiR. 
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Figure 3.2. A size exclusion elution profile of AxNiR. The column was a GE 
Healthcare HiLoad™ 16/600 Superdex™ 200 pg running at 1 ml/min with 10 
mM Tris-HCl, pH 7.0, 200 mM NaCl buffer. Chromatogram trace shows UV–
visible absorbance at 280 nm (purple), 260 nm (blue) and 600 nm (green). 
The blue AxNiR fraction eluted in a single peak centred at 74.7 ml indicated 
by the black vertical line.  
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3.2. Production of recombinant AcNiR 
3.2.1. Overexpression 
A pET-26b(+) plasmid (Merck KGaA, Darmstadt, Germany) containing 
the nirK gene from Achromobacter cycloclastes with codon optimization for 
expression in E. coli was acquired from GenScript. pET-26a(+)-nirK plasmid 
was transformed into competent E. coli cells (BL21 DE3) using heat shock 
transformation. The transformant was cultured on LB agar, 30 μg/mL Kan to 
isolate individual colonies. A starter culture of 50 mL LB Broth, 30 μg/mL 
Kan, was inoculated with a single transformant colony and incubated for 12 
hours with 220 RPM shaking at 37°C. 6 ml of starter culture was transferred 
to 6 x 2 L baffled flasks containing 500 mL LB supplemented with 30 μg/ml 
Kan. Culture flasks were incubated in New Brunswick Scientific™ Innova® 44 
incubators at 37°C, 180 RPM until the optical density had reached OD600~0.5 
AU. Protein overexpression was induced with 2 mM IPTG and 1 mM CuSO4. 
The temperature was lowered to 18°C and cells were incubated overnight. 
Cell pellet were collected by centrifugation at 4000 RPM (Sorvall RC-5B) for 
10 minutes. 18 g of cell pellet was collected from 3 L of LB broth and was 
stored at -70 °C. 
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3.2.2. Purification of cell lysate 
Five grams of cell pellet was resuspended in 50ml lysis buffer (20 mM 
Tris-HCl, pH 7.5, 0.1 mg/ml Lysozyme, 1 mg/ml Roche Protease Inhibitor 
Cocktail Set III and 0.1 mg/ml DNase) and stirred on ice for 30 minutes. Cells 
were disrupted by sonication (MSE Soniprep 150 Plus). The lysate was 
sonicated for 10, 30 s periods with 30 s pause in between. Cell debris was 
removed by centrifugation at 18,000 RPM (Sorvall RC-5B) for 20 minutes. 
Cell lysate was loaded in 10 kDa MWCO dialysis tubing (Thermo Fisher 
Scientific™ SnakeSkin®) and dialyzed against 2 L, 20 mM Tris-HCl, pH 7.5, 2 
mM CuSO4 to restore the copper content of the T2Cu site of the Cu(II) 
oxidisation state for 4 hours at 4°C. This was followed by two dialysis steps 
against two lots of water for 2 hours. 
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3.2.3. Weak-anion exchange chromatography  
The cell lysate collected from the dialysis tube after 12 hours now with 
a green colour. A small amount of precipitate formed during dialysis was 
removed by centrifugation at 20,000 RPM 18,000 RPM (Sorvall RC-5B) for 20 
minutes. The lysate was applied to 10 cm of diethylaminoethyl (DEAE) 
cellulose resin (Sigma-Aldrich) set in a gravity chromatography column (ID 
2.5 cm), with CV 50 ml. The resin was pre-washed with 4 CV MQ H2O, 
followed by 1 CV of 20 mM Tris-HCl, pH 7.5. A green fraction band was 
observed binding at the top of the column after lysate flow-through. The 
lysate flow-through and all subsequent fractions were collected. The column 
was washed with 5 CV of 20 mM Tris-HCl, pH 7.5 followed by 5 CV of 100 
mM Tris-HCl, pH 7.5. The protein was eluted by a step NaCl gradient (1 CV 
20 mM Tris-HCl, pH 7.5 + 50, 100, 150, 200 and 250, 300 mM NaCl). The 
green protein eluted in the 150 mM NaCl fraction. This was observed by eye 
and confirmed with SDS-PAGE (Figure 3.3). 
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Figure 3.3. An SDS-PAGE gel showing the purification of AcNiR using 
DEAE-cellulose. The 150 mM NaCl fraction from the DEAE cellulose column 
contained the eluted AcNiR. 
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3.2.4. Ammonium sulphate precipitation 
The green 150 mM NaCl DEAE-cellulose fraction was concentrated to 1 
ml using a Millipore™, Amicon® 50 kDa MWCO centrifugal filter at 50 g and 
transferred into 50 mM HEPES-OH, pH 6.5. 100 mM citrate buffer, pH 4.7 
was added to fraction to precipitate proteins unstable at low pH. 4 M 
ammonium sulphate was then added to precipitate all protein and the 
precipitant was collected using centrifugation, 13,200 RPM for 10 minutes. 
The precipitate was dissolved in 10 mM HEPES-OH, pH 6.5 followed by 
another round of centrifugation and the supernatant was collected. 100 mM 
citrate buffer, pH 4.7 was added again and tube was incubated at 15 °C for 1 
hour. 0.1 M ammonium sulphate was then added and mixed thoroughly 
followed by centrifugation and this step was repeated until any green 
precipitate started to form. Finally, all protein was fully precipitated with 4 M 
ammonium sulphate and dissolved in dissolved in 10 mM HEPES-OH, pH 6.5. 
Protein concentration was determined by spectrophotometric absorbance 
(NanoDrop 1000) at 280 nm using a molar attenuation coefficient of 41,370 
M-1 cm-1. 5 g of cell pellet per purification run produced on average 129 mg of 
AcNiR. 
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3.3. Production of perdeuterated recombinant AcNiR 
3.3.1. Purification of cell lysate 
To produce perdeuterated AcNiR, the pET-26a(+)-nirK plasmid 
acquired from GenScript was sent to the Deuteration Laboratory180 at the 
Institut Laue-Langevin. The Deuteration Laboratory provided frozen cell pellet 
containing AcNiR overexpressed in E. coli cells grown in D2O. 5 g of cell pellet 
was resuspended in 50ml lysis buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 
0.1 mg/ml Lysozyme, 1 μg/ml Roche Protease Inhibitor Cocktail Set III and 
0.1 mg/ml DNase) and stirred on ice for 30 minutes. Cells were disrupted by 
sonication (MSE Soniprep 150 Plus). The lysate was sonicated for 10, 30 s 
periods with 60 s pause in between. Cell debris was removed by 
centrifugation at 19,000 RPM (Sorvall RC-5B) for 15 minutes. Cell lysate was 
collected in 50 kDa MWCO dialysis tubing (Thermo Fisher Scientific™ 
SnakeSkin®) and dialyzed against 2.5 L, 20 mM Tris-HCl, pH 7.5, 1 mM 
CuSO4 to restore the copper content of the T2Cu site of the Cu(II) oxidisation 
state for 2 hours at 4°C. 2 μl of H2O2 was added to the protein solution to a 
total concentration of 0.1 mM in order to maintain the Cu(II) oxidation state. 
Further dialysis against just 20 mM Tris-HCl, pH 7.5 was carried out for 
another 2 hours. 
 
 
 
 113 
3.3.2. Mixed-mode ion exchange chromatography 
A small amount of precipitate formed during dialysis was removed by 
centrifugation at 20,000 RPM 18,000 RPM (Sorvall RC-5B) for 20 minutes. 
The lysate was applied to 10 cm of hydroxyapatite column resin (Sigma-
Aldrich) set in a gravity chromatography column (ID 2.5 cm), with CV 50 ml. 
The resin was pre-washed with 4 CV MQ H2O, followed by 1 CV of 100 mM 
Tris-HCl, pH 7.5. After loading the protein lysate, the column was washed 
with 30 ml of 10 mM Tris-HCl, pH 7.5 and 20ml of 5 mM potassium 
phosphate buffer, pH 7.5. A green fraction was eluted using a potassium 
phosphate, pH 7.5 step gradient using one CV of 10 mM, 20 mM, 30 mM, 50 
mM, 100 mM and 150 mM buffer. The green protein eluted in the wash, 10 
mM and 20 mM fraction. This was observed by eye in the 10 mM fraction and 
confirmed with SDS-PAGE (Figure 3.4).  
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Figure 3.4. An SDS-PAGE gel showing the purification of perdeuterated 
AcNiR using hydroxyapatite. The column wash and the 10 mM potassium 
phosphate buffer, pH 7.5 fraction from the hydroxyapatite column contained 
the eluted AcNiR. Both the monomeric and oligomeric forms are visible on the 
gel despite this being an SDS gel. This is often observed with trimeric CuNiRs 
due to the trimer formation around the catalytic T2Cu site forming a strong 
affinity. 
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3.3.3. Weak-cation exchange chromatography 
The 10 mM fraction from the hydroxyapatite column was concentrated 
with a Millipore™, Amicon® 50 kDa MWCO centrifugal filter from 50 ml to 
10 ml. A 5 ml GE Healthcare HiTrap™ DEAE Sepharose Fast Flow IEX Column 
was equilibrated with 20 mM Tris-HCl, pH 7.5 and attached to an GE™ 
AKTA® Explorer 900. The pump was set to 1 ml/min and the UV absorbance 
was observed at 280 and 260. The perdeuterated AcNiR was eluted with a 
continuous NaCl gradient from 50 mM to 250 mM plus 20 mM Tris-HCl, pH 
7.5. 7, 20 ml fractions were collected from 100 ml to 240 ml (Figure 3.5). 
This was observed by eye in the 10 mM fraction and confirmed with SDS-
PAGE (Figure 3.6).  
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Figure 3.5. A weak-cation exchange elution profile of perdeuterated 
AcNiR using DEAE-Sepharose. The column was a 5 ml GE Healthcare 
HiTrap™ DEAE Sepharose Fast Flow IEX Column running at 1 ml/min with 
20 mM Tris-HCl, pH 7.5 with a continuous NaCl gradient of 50 mM to 250 
mM. Chromatogram trace shows UV absorbance at 280 nm (purple) and 260 
nm (green). The green AxNiR fraction eluted across three fractions; A, B and 
C. 
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Figure 3.6. An SDS-PAGE gel showing the purification of perdeuterated 
AcNiR using DEAE-Sepharose. Fractions A, B and C contained all the eluted 
perdeuterated AcNiR. Both the monomeric and oligomeric forms are visible on 
the gel despite this being an SDS gel. This is often observed with trimeric 
CuNiRs due to the trimer formation around the catalytic T2Cu site forming a 
strong affinity. 
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3.3.4. Size exclusion chromatography 
Fraction B from the hydroxyapatite column was concentrated with a 
Millipore™, Amicon® 50 kDa MWCO centrifugal filter from 50 ml to 1 ml. 
This fraction was applied to a GE HiLoad® 16/600 Superdex® 200 pg SEC 
column attached to an GE™ AKTA® Explorer 900. The mobile phase was 20 
mM Tris-HCl, pH 7.5, 150 mM NaCl. The pump was set to 1 ml/min and the 
UV absorbance was observed at 280 and 260 nm. The green perdeuterated 
AcNiR fraction eluted in a peak at 72.4 ml (Figure 3.7). The peak had a 
shoulder and this fraction was collected separately from the main peak with a 
total volume of 10 ml.  
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Figure 3.7. A size exclusion elution profile of perdeuterated AcNiR. The 
column was a GE Healthcare HiLoad™ 16/600 Superdex™ 200 pg running at 
1 ml/min with 20 mM Tris-HCl, pH 7.0, 150 mM NaCl buffer. Chromatogram 
trace shows UV absorbance at 280 nm (purple) and 260 nm (green). The 
green perdeuterated AcNiR fraction eluted in a peak centred at 74.7 ml 
indicated by the black vertical line. 
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3.3.5. Ammonium sulphate precipitation 
The SEC fraction was concentrated to 1 ml using a Millipore™, 
Amicon® 50 kDa MWCO centrifugal filter at 50 g for over three 10-minute 
runs and transferred into 50 mM MES-OH, pH 6.5. 100 mM Na-acetate, pH 
5.0 was added to precipitate proteins unstable at low pH. 4 M ammonium 
sulphate was then added to precipitate all protein and the precipitant was 
collected using centrifugation, 13,200 RPM for 10 minutes. The precipitate 
was dissolved in 50 mM MES-OH, pH 6.5 made up in D2O followed by 
another round of centrifugation and the supernatant was collected. Protein 
concentration was determined by spectrophotometric absorbance (NanoDrop 
1000) at 280 nm using a molar attenuation coefficient of 41,370 M-1 cm-1. 5 g 
of cell pellet per purification run produced on average 10 mg of perdeuterated 
AcNiR. 
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3.4. Analytical Techniques 
3.4.1. Polyacrylamide gel electrophoresis 
Sample was diluted into SDS loading buffer (0.2 M Tris-HCl pH 6.8, 10 mM 
2-mercaptoethanol, 10% w/v SDS, 0.05% w/v bromophenol blue, 20% v/v 
glycerol) at a sample to buffer ratio of 5:1. The diluted sample was then 
loaded onto a 12% polyacrylamide gel and run for 60 min with the 
application of 210 V. Precision Plus Protein™ Dual Colour Standards (Bio-
Rad) and Precision Plus Protein™ All Blue Standards (Bio-Rad) were used as 
marker ladders (10 – 250 kDa). Protein was visualised using Coomassie 
Brilliant Blue (Bio-Rad). 
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Chapter 4 - AxNiR serial femtosecond 
crystallography 
 
4.1. Theory of X-ray crystallography 
4.1.1. Diffraction theory 
The interaction of X-rays with protein crystals allows for the 
determination of the protein atomic structure. Collecting data from a single, 
cryocooled crystal at a synchrotron facility is currently the most common 
approach known as MX or synchrotron radiation crystallography (SRX) . X-
rays have a wavelength between 0.01 to 10 nm which covers the average 
atomic bond length of ~1.2 Å allowing for an effective resolution of the 
structure181. A crystallised protein is placed in the path of an X-ray beam 
which scatters the beam and the scattered photons are collected on a detector 
forming a diffraction pattern. The detector records the positions and intensity 
of each reflection relating to a specific plane of the crystal lattice. The crystal 
is subsequently rotated in the beam which brings new lattice planes within 
the crystal to scatter the incident X-rays. Following full data collection, the 
data are merged and, when combined with the phase, an electron density 
map of the protein atomic structure can be calculated. This pipeline for the 
determination of a proteins three-dimensional structure is reliant on the 
crystal elastically scattering the incident photons, called diffraction. The 
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incident beam produced by modern synchrotron facility is of a single 
wavelength, monochromatic, which with a periodic object will scatter the 
incident photons in distinct directions. After the photons are scattered, the 
wavelength is consistent with that of the incident beam, but the phase and 
amplitude of the scattered wave is dependent on the inherent periodicity of 
the object being probed. As the photons position and amplitude are recorded, 
the information relating to the X-ray phase is lost182. The phase and amplitude 
data are connected to the periodicity of the scattering object by the Fourier 
transform. As the phase cannot be measured directly, the information must be 
inferred from other sources such as homology models (Molecular 
Replacement) or from crystal inelastic scattering (Experimental Phasing). 
The angle (θ) at which a periodic object will scatter the incident X-rays 
if defined by distance between the lattice points in the crystal (dhkl)183. 
 𝑛𝜆 = 2𝑑QR;𝑠𝑖𝑛𝜃 
 
When scattering from the crystal satisfies the Bragg condition, discrete 
diffraction reflections are observed from an object (Figure 4.1). The 
construction of an Ewald sphere is useful when looking to demonstrate the 
satisfaction of Braggs law (Figure 4.2)184. When the Ewald sphere is 
superimposed upon the reciprocal lattice of an object, the reciprocal lattice 
points that intersect the Ewald sphere satisfy the Bragg condition. As the 
crystal is rotated in the incident beam, new lattice points move to intersect 
the Ewald sphere allowing the complete measurement of all diffraction 
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conditions. As the X-rays scatter off atomic electron clouds in the crystal, the 
distribution of those electrons can be calculated anywhere in unit cell (x,y,z). 
The density of electrons (𝜌) is given by a Fourier series. 
 
𝜌(𝑥, 𝑦, 𝑧) = 1𝑉\\\𝐹(ℎ𝑘𝑙)exp	(−2𝜋𝑖(ℎ𝑥 + 𝑘𝑦 + 𝑙𝑧));RQ  
 
The structure factors (F) reflect the material scattering of the object allowing 
the interpretation of diffraction pattern. It describes the amplitude and phase 
of a wave diffracted from crystal lattice planes characterised by Miller indices 
(hkl), reciprocal lattice basis vectors representing 3D crystallographic lattice 
planes. Here, the coordinates of the jth atom are represented by xj, yj and zj 
and the scattering factor of the jth atom is described by fj. 
 
𝐹(ℎ𝑘𝑙) =\𝑓fexp	(2𝜋𝑖(ℎ𝑥f + 𝑘𝑦f + 𝑙𝑧fgfh? )) 
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Figure 4.1. A diagram showing the conditions for Bragg diffraction. Two 
photon beams are scattered by two lattice planes. The second beam travels 
2dsinθ further than the first beam. If the two beams have equal wavelengths 
and phases, they will constructively interfere once scattered by an ordered 
lattice. 
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Figure 4.2. The Ewald construction. When a crystal lattice point fulfils 
Braggs law, it intercepts the Ewald sphere. As the crystal is rotated in the X-
ray beam (S0), different lattice points will intercept the Ewald sphere allowing 
the full dataset to be collected. 
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The structure factors can be simplified to a relationship between the 
measured amplitude (Fhkl) and the phase data (αhkl) that must be calculated 
indirectly. 
 𝐹(ℎ𝑘𝑙) = 𝐹QR;exp(𝑖𝛼QR;) 
 
To calculate the structure factors of a protein crystal, it is necessary to analyse 
the symmetry operators present. Interpterion of the structure must satisfy the 
crystal symmetry and incorrect symmetry assignment can hinder structural 
determination. The symmetry of a crystal should be a major contributing 
factor to the strategy employed to collect the diffraction data from the crystal. 
The total symmetry of a crystal is defined by its space group. These symmetry 
elements include translation, rotation (two-, three-, four- and six-fold 
operation) and combination operations (screw-axes and glide planes). There 
are 230 total unique space groups formed by the various combinations of 
these symmetry elements185. In three-dimensional space, there are 14 Bravais 
lattices which are generated by translation elements obtained by combining 
one of the seven lattice systems with one of the centring classes. Because 
proteins are chiral molecules, certain types of symmetry are forbidden in 
protein crystals. Inversion, rotoreflection, glide planes and mirror planes 
would all bring about change in chirality in the crystal which is not possible in 
a chiral system. This leaves a total of 65 chiral space groups to choose from 
when determining the space group of a protein molecule186. To do so requires 
an analysis of the Miller indices of each reflection to determine the systematic 
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absences. This requires two basic assumptions are made. First that the 
structure factors at reciprocal space vectors are complex conjugates. 
 𝐹(ℎ𝑘𝑙) = 𝐹∗(ℎj𝑘j𝑙)̅ 
 
This means that the corresponding diffraction intensities are equal in value, 
known as Friedel’s law and the crystal diffraction is centrosymmetric 
regardless of the crystal itself. Friedel’s law only holds if all atoms scatter with 
no phase delay. If they do, they scatter anomalously and gain an imaginary 
component to the phase, f’’, which breaks Friedel’s law (Figure 4.3). 
 𝐼(ℎ𝑘𝑙) = 𝐼(ℎj𝑘j𝑙)̅ 
 
Secondly, that the point symmetry of the crystal is maintained in the 
diffraction pattern meaning the point group of the diffraction pattern is the 
centrosymmetric parent of the point group of the crystal. Translational 
symmetry elements while not affecting the symmetry of the diffraction 
pattern, do cause the absence of diffraction intensities at specific sets of 
reciprocal lattice points, known as systematic absences. If these can be 
identified and their pattern recognised, then the point group and 
subsequently space group can be identified. However, of the 32 
crystallographic point groups, 10 are described as polar, meaning they have 
more than a single point that is unmoved by all the symmetry operations. To 
identify the correct indexing solution, a guess has to be made to select the 
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origin. If this guess fails, the data can be reindexed to allow structural 
determination to proceed.  
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Figure 4.3. A diagram showing anomalous scattering breaking Friedel’s 
law. (a) All atoms scatter equally, i.e. in the absence of anomalous scattering, 
so Friedel’s law is true. (b) The amplitudes remain equal, but the phase data 
are no longer consistent. (c) If atoms scatter anomalously both the amplitude 
and phase data is no longer consistent. If the non-anomalous scattering atom 
is out of phase by π/2 compared to the anomalous scattering atom, the signal, 
ΔF, is large compared to (d) where the non-anomalous scattering atom is in 
phase with the anomalous scattering atom. 
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4.1.2. Twinning theory 
Twinning is an anomaly in crystal growth where two or more crystal 
domains in the same crystal grow together and overlap according to a 
particular symmetry operation187. When collecting diffraction data from a 
twinned crystal, each reflection is a combination of the diffraction from 
different domains. Depending on the prevalence of one domain over the 
other, the problem can be solved mathematically but twinning still presents 
one of the most difficult problems to overcome in structure determination. In 
a perfect twin the twin fraction is equal to ½ meaning each domain 
contributes equally to each refection. Inaccurate higher symmetry appears in 
the intensity statistics which can be detected by the L test where pairs of local 
reflections are compared188. Because the domains contribute equally, 
structural determination becomes highly improbable. Usually molecular 
replacement can be carried out, but when trying to refine the data there is 
little improvement in Rwork and the structure cannot be resolved189. 
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4.2. AxNiR SFX 
4.2.1. Microcrystallisation 
SFX experiments requires the growth of a large volume of well-ordered 
microcrystals of homogeneous size distribution that tolerate an injector-based 
approach137. AxNiR microcrystals was produced using the free interface 
diffusion (FID) method by mixing a 1:1 ratio of 50 mg/ml AxNiR in 10 mM 
Tris-HCl, pH 7.2 with a precipitant solution composed of 35% (w/v) PEG 550 
MME, 20 mM ZnSO4, 50 mM MES-OH, pH 6.5. 100 µl of precipitant solution 
was layered on top of 100 µl of protein solution in an Eppendorf tube. 
Microcrystals were produced by incubation for 30 mins at 4°C after which the 
Eppendorf contained two distinct layers of crystals. Firstly, a sedimented layer 
at the bottom of the Eppendorf containing crystals ~15 µm in size followed 
by a crystal suspension of ~60 µm sized crystals (Figure 4.4). 
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Figure 4.4. The microcrystallisation of AxNiR. (a) Two microcrystal species 
were present 30 minutes after layering protein and precipitant; a top layer (b) 
containing crystals ~60 µm in size and a sedimented layer (c) ~15 µm in 
size. Crystals in the sedimented were selected for SFX data collection trials. 
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Using the FID method to crystallise AxNiR microcrystals was rapid at 
producing crystals but they needed to be removed from the supersaturate 
zone before they grew too large for the injector system. Optimal crystal size 
for SFX data collection at SACLA was suggested to be between 10 - 30 µm 
with a crystal density of 107 – 108 crystals/ml140. A smaller crystal size is 
recommended to reduce the sample flow rate as a smaller nozzle can be used 
for injection. The smaller crystals sedimented at the correct density for SFX 
using the Diverse application platform for hard X-ray diffraction in 
SACLA (DAPHNIS)190. Low speed centrifugation was used to collect the 
crystals once they reached a size of ~20 µm across, removing them from the 
protein-precipitant interface and preventing further crystal growth.  
To successfully inject the crystals into the XFEL beam, a 
suitable crystal-carrying matrix was required. For membrane proteins, the 
lipid cubic phase they are crystallised in can be used as the injector carrier143 
but for soluble proteins, a carrier must be introduced. A grease-matrix carrier 
has been shown to maintain soluble protein stability under ambient 
condtitions140. To test the stability of the microcrystals in the grease matrix, a 
10 µl of crystal suspension was mixed with the grease matrix on a flat surface 
using a spatula. The mixture was then placed on a cover slide with a slip and 
observed under the microscope. The crystals were visually unaffected by the 
grease after 0, 1 and 6-hour intervals.  
To test the crystal diffraction, 10 µl of crystal suspension was mixed 
with the grease matrix. The mixture was loaded into the wide end of a quartz 
capillary tube and squeezed into the narrow section using more grease. This 
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was left for 4 hours to check for visual crystal degradation. The capillary was 
then placed on the goniometer of a Rigaku FR-E+ Superbright microfocus 
rotating anode generator with a Rigaku R-AXIS V image plate detector. The 
capillary was exposed for 3 minutes. The crystals were weakly diffracting with 
the highest resolution being 2.8 Å after exposure. The same protocol was then 
used to test the microcrystals in grease matrix at BL32XU where they 
diffracted to 1.8 Å at RT without grease and RT with grease (Figure 4.5). As 
the microcrystals showed no decrease in diffraction power, they were 
considered ready for SFX data collection at SACLA. 
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Figure 4.5. AxNiR microcrystal test diffraction. (a) Single image collected 
without using grease matrix. Maximum resolution spots were visible at 1.8 Å. 
(b) After the addition of grease, no decrease in diffraction power or spot 
count was observed. Single shot diffraction images collected at BL32XU at RT. 
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4.2.2. SFX data collection 
SFX data collection was carried out at SACLA BL3 EH4191. 60 μl of 
AxNiR microcrystals suspension grown in 35% (w/v) PEG 550 MME, 20 mM 
ZnSO4, 50 mM MES-OH, pH 6.5 were passed through a 20 µm micro-filter. 
The suspension was mixed with 40 μl grease-based matrix on a flat surface 
with a spatula140. The mixture was packed in an injector syringe with internal 
nozzle aperture diameter of 110 µm and external nozzle aperture diameter of 
210 µm. The injector was installed in the helium ambiance, diffraction 
chamber enclosure, DAPHNIS190. The grease extruded with a pump set at 0.1 
MPa pressure and was focused with a helium jet to produce a flow rate of 0.5 
μl/min. The sample chamber was maintained at a temperature of 293 K with 
a relative humidity of 85%. SACLA X-ray wavelength was set at 7 keV with a 
pulse energy of ~456 µJ/pulse. The X-ray beam was focused to 1.5 × 1.5 μm2 
by Kirkpatrick-Baez mirrors on the midpoint of the extruded grease192. The 
XFEL pulses were of <10 fs duration and consisted of 7 × 1010 photons/pulse. 
The beam was attenuated with 10 mm Al. The repetition rate was 30 Hz and 
the diffraction data were collected with multiport CCD detector (MPCCD) 
with a camera length of 50 mm172. Diffraction resolution was limited to 2 Å 
due to the crystal to detector distance imposed by the DAPHNIS chamber 
(Figure 4.6). The experiment lasted 180 minutes and 312,972 snapshot 
images were collected in total.  
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Figure 4.6. A snapshot diffraction image collected from an AxNiR 
microcrystal. The eight distinct panels of the MPCCD are clearly visible. 
Diffraction spots can be seen at the edge of the detector at 2 Å. The image 
was collected at SACLA BL3 EH4. 
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4.2.3. SFX data processing 
Cheetah164 was used to check for hits in real time with images 
containing <15 Bragg reflections rejected. This produced a total of 102,968 
diffraction images equating to hit rate of 32.9%. This real time image 
processing was achieved with the online stage of the SACLA data processing 
pipeline160,165. The diffraction images were processed using CrystFEL161. Spot-
finding was carried out using the inbuilt algorithm zaef. CrystFEL called on 
DirAx167 for indexing the snapshot images in space group H3 (Figure 4.7). Of 
the 102,968 image hits, 61,163 were able to be indexed corresponding to a 
59.4% indexing rate. The inner, middle and outer integration radii were set to 
of 3, 4 and 7 pixels respectively. H3 is known to have a twin operator h,k,-l 
and this was used to resolve the indexing ambiguity using ambigator170 
(Figure 4.8). Partial reflections were then merged from the successfully 
indexed crystals using the Monte Carlo method with frame scaling174. Data 
were cut-off at 2.1 Å based on a CC1/2 value of ~0.3 and a Rsplit value of 81.2 
% in the outer shell (Figure 4.9). 
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Figure 4.7. The distribution of unit cell parameters from AxNiR 
microcrystals. The unit cell lengths and angles from individually indexed 
snapshots from indexamajig displayed as a distribution. Red colouring 
represents these parameters that fall into a H centred space group. The 
average unit cell parameters are shown as a normal distribution. 
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Figure 4.8. Resolving the indexing ambiguity in AxNiR microcrystals. The 
program ambigator169,170 calculates correlation coefficients between the 
current crystal intensity and all other crystal intensities in a turn-by-turn 
manner, shown by blue and orange dots. The mean of the correlation 
coefficient is taken over all crystals which have the same indexing assignment 
(f, blue) as the current pattern while a second mean is taken over all crystals 
which have indexing assignments opposite to the current crystal (g, orange). 
The indexing assignment is then changed for each crystal if g > f. Three 
iterations of ambigator were run with operator h,k,-l. The two mixed indexing 
solutions were separated into two clusters shown by the red and blue lines 
showing the smoothed moving average values of f and g, respectively. The 
upper and lower black lines show the smoothed moving average values of 
whichever of f or g is greater or lower, respectively, for the current crystal 
which should converge on the average values of f and g. 
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Figure 4.9. SFX data processing of AxNiR. Graph shows the values for CC, 
CC* and Rsplit for AxNiR SFX data collection. The 2.1 Å cut-off is shown with a 
vertical black line. A comparison is made between the merged individual 
intensities with and without frame scaling. 
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4.2.4. SFX structural determination 
Intensities from CrystFEL were converted to amplitudes using 
CTRUNCATE193. The phase problem was solved using MOLREP194 with the 
AxNiR monomer used as the starting model (PDB: 1OE1)51. Two copies of the 
AxNiR monomer were located in the asymmetric unit (Figure 4.10, 4.11). 
Refinement was performed by REFMAC5195 in the CCP4193 suite with riding H 
atoms and isotropic B factors. The Coot196 graphics interface was used for 
manual model rebuilding and water addition in between each cycle of 
refinement. The data-processing and refinement statistics for the SFX 
structure are given in Table 4.1 After the first round of refinement, Rwork did 
not drop significantly as would be expected for this good a starting model. 
The electron density around the main chain and copper sites looked 
reasonable but no density was visible for any solvent molecules (Figure 4.12). 
After three rounds of refinement, the data were checked for intensity 
anomalies. After performing the L-test188, it was determined that the data had 
close to a 0.4 twinning fraction (Figure 4.13). Refinement was re-run using 
twin refinement with Rwork reaching a minimum of 35%. REFMAC5 determined 
the twin fraction to be 0.3 but no improvement in the Rwork could be achieved. 
The fast rate of crystal growth led to widespread crystal twinning and 
prevented structural determination. In light of this, it was determined that 
SFX was not a viable structural determination method for AxNiR crystals and 
that other femtosecond crystallographic data collection techniques would be 
more appropriate. 
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Table 4.1. Data processing and refinement statistics for AxNiR collected by 
SFX. 
 SFX 
Data collection  
Space group H3 
Unit cell dimensions   
    a=b, c (Å) 91.80, 284.10 
    α=β, γ (°) 90, 120 
Resolution (Å) 22.95 – 2.10 (2.12 – 2.10)a 
Rsplit (%) 6.3 (81.2)a 
<I/σ(I)> 11.0 (1.38)a 
CC1/2 0.996 (0.342)a 
Completeness (%) 100.0 (100.0)a 
Multiplicity 629.0 (169.6)a 
Wilson B-factor (Å2) 45.8 
Refinement  
No. of unique reflections 52146 (2648)a 
Rwork/Rfree (%) 35.3/36.5 
R.m.s deviations  
    Bond length (Å) 0.091 
    Bond angles (°) 1.396 
a. The highest resolution shell is shown in parenthesis. 
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Figure 4.10. Molecular replacement solution of SFX AxNiR. Two copies of 
the AxNiR monomer were present in the asymmetric unit. The T1Cu and 
T2Cu coppers are shown in dark blue and cyan respectively. 
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Figure 4.11. Crystal packing in H3 AxNiR microcrystals. The functional 
trimer is formed three times with all symmetry mates within a cut-off of 12 Å. 
The 3-fold symmetry is shown with green triangles. The formation of the 
biological assembly suggested that this is the correct molecular replacement 
solution. 
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Figure 4.12. The copper sites of AxNiR determined by SFX. (a) The T1Cu 
site showing His2-Cys-Met ligation. (b) The T2Cu with His3 ligation. No water 
molecules are present ligated to the T2Cu or bound between AspCAT and 
HisCAT. The map showed a lack of viable solvent electron density due to the 
input model biased refinement against twinned intensity data. 2Fo-Fc electron 
density is contoured at 1σ level and shown as magenta mesh. T2Cu as a cyan 
sphere and metal coordinating bonds are shown as red dotted lines. 
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Figure 4.13. L-test results from AxNiR SFX data collection. Intensity 
statistics show for SFX data (a) before and (b) after running the stream 
though ambigator with operator h,k,-l. Cumulative distribution function for 
|L| observed shown in red, expected (untwinned) in blue and expected 
(twinned) in green. The L test revealed the crystals were highly twinned even 
after the resolution of the indexing ambiguity. 
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4.3. SF-ROX data collection 
4.3.1. Batch crystallisation 
After the failure to determine the radiation damage-free structure 
using SFX, the SF-ROX data collection method was attempted to overcome the 
problems with crystal twinning. SF-ROX data collection required that AxNiR 
crystallisation be optimised to produce numerous, large, homogenous AxNiR 
crystals. To increase the overall size of the crystals, a fine screen was carried 
out over the crystallisation conditions already recorded; 5 – 40 % (w/v) PEG 
550 MME, 5 – 50 mM ZnSO4, 10 – 200 mM MES-OH, pH 6.5. An increase in 
MES concentration caused crystals to grow longer and more like 2D plates 
then 3D cubes (Figure 4.14). Decreasing the concentration of PEG and ZnSO4 
slowed down crystallisation time but lead to the formation of large 2D plates 
such as Figure 4.14d which were optimal for SF-ROX. However, a number of 
problems complicated the consistent production of these homogenous 
crystals. 
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Figure 4.14. Batch crystallisation of AxNiR for SF-ROX experiments. 
Conditions were; (a) 30% (w/v) PEG 550 MME, 20 mM ZnSO4, 40 mM MES-
OH, pH 6.5; (b) 15% (w/v) PEG 550 MME, 30 mM ZnSO4, 60 mM MES-OH, 
pH 6.5; (c) 15% (w/v) PEG 550 MME, 20 mM ZnSO4, 50 mM MES-OH, pH 
6.5; (d) 10% (w/v) PEG 550 MME, 10 mM ZnSO4, 100 mM MES-OH, pH 6.5. 
Higher MES concentration along with lower PEG and ZnSO4 concentrations 
lead to the growth of large (~1 mm) 2D crystal plates (d). 
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Like the AxNiR microcrystals, the batch crystals had a propensity to 
grow as perfect or near-perfect twins in space group H3, a trigonal space 
group with twin operator h, k, -l. Crystals set according to published 
methodology grew regularly with near perfect twinning fractions, a trait not 
previously observed62. Twinning on this scale severely hampered attempts to 
optimise crystal growth for SF-ROX experiments. To determine the cause the 
crystal growth rate was slowed, allowing only one nucleation point to form, 
allowing the crystal should grow with a single ordered lattice. To slow down 
the rate of crystal growth, crystal trays were set with a lower protein 
concentration (10 → 8 mg/ml) and at a lower temperature (25 °C → 4 °C). 
Datasets from each crystal were collected to 2.4 Å using an in-house source 
and were processed using XDS168. phenix.xtriage was used to quickly assess the 
collected intensities and determine the level of twinning197. The result, given 
as a Mahalanobis distance from expected untwined intensity values, suggests 
twinning above a threshold of 3.5 in the program198. In total 80% of the 
datasets collected from crystals set in the H3 conditions were twinned with Z-
scores all above 15, suggesting perfect twins. Of those over 65% were from 
crystals set at room temperature and 10 mg/ml protein concentration. 
Growing at 4 °C reduced the percentage of crystals twinned to 4% while 
reducing the protein concentration to 8 mg/ml lead to a twinning rate of 
11%. Together, these measures allowed the growth of H3 AxNiR crystals that 
showed no sign of twinning. It was found that if one crystal in one plate well 
was twinned then generally all other crystals in the plate were twinned. 
 152 
Therefore, checking a single crystal from a plate could be used to predict the 
condition of the others. 
Over the course of scaling up the production of AxNiR crystals for SF-
ROX, a second problem with the crystallisation conditions was discovered. As 
crystals were screened for signs of twinning in the tray, two separate species 
of the H3 crystal form were identified. The first was the same as from the 
microcrystals with a unit cell c length of ~ 288 Å. In this form, two copies of 
AxNiR monomer were present in the asymmetric unit. The second had a unit 
cell c length of ~ 144 Å, exactly half the first species with only a single AxNiR 
monomer in the asymmetric unit although with different unit cell packing 
(Figure 4.15). The presence of both these forms in the same drop presented a 
problem for serial crystallography where snapshots from multiple images 
must be merged to form the complete dataset. The probability of crystals to 
grow with two c unit cell lengths appeared to be dependent on PEG 
concentration with high PEG concentration (>25 %) produced the c ~ 288 Å 
variant and low PEG concentration (<15 %) produced the c ~ 144 Å variant. 
The c ~ 144 Å variant tended to diffract to slightly higher resolution and so 
this along with the efforts to remove twinning resulted in an optimum 
crystallisation condition of 10 % (w/v) PEG 550 MME, 10 mM ZnSO4, 100 
mM MES-OH, pH 6.5 (Figure 4.16) (Table 4.2).  
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Figure 4.15. Crystal packing in H3 crystals. The unit cell packing of crystals 
with c cell lengths of ~ 288 Å and ~ 144 Å are compared. The contents of the 
c ~ 288 Å unit cell were generated (magenta) and aligned with two copies of 
the c ~144 Å unit cell (blue) in the c direction. The monomers matrices at the 
origin are aligned in the right of the picture but the other contents of the unit 
cell do not overlap showing differing unit cell packing. The biological trimer 
assembly is formed from the crystal packing in both unit cells. The origin and 
cell axes are indicated by the black dot. 
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Figure 4.16. Wilson plots for the AxNiR processed in space group H3. (a) 
Data merged in H3 with c~288 and (b) c~144. Spot intensity tails off as 
resolution increases with a linear relationship at higher resolution. The peak 
at 4 Å relates to the distribution of interatomic spacings in polypeptides with 
an increased number of such spacings. 
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Table 4.2. Data processing and refinement statistics for two AxNiR crystal 
species. 
Data collection   
Wavelength (Å) 0.98 0.98 
Space group H3 H3 
Unit cell dimensions   
     a=b, c (Å) 89.53, 288.22 89.96, 144.12 
     α=β, γ (°) 90, 120 90, 120 
Resolution (Å) 46.3 – 1.63 (1.66 – 1.63)a 45.0 – 1.54 (1.57 – 1.54)a 
Rp.i.m. (%) 7.0 (34.3)a 5.8 (40.9)a 
<I/σ(I)> 5.8 (1.7)a 7.6 (1.6)a 
CC1/2 0.987 (0.752)a 0.998 (0.706)a 
Completeness (%) 98.4 (98.4)a 99.2 (96.5)a 
Redundancy 2.9 (2.4)a 2.8 (2.2)a 
Wilson B-factor (Å2) 16.4 16.7 
No. of molecules in ASU 2 1 
Refinement   
No. of unique reflections 105832 (5240)a 63897 (3112)a 
Rwork/Rfree (%) 15.7/17.3 18.7/21.4 
R.m.s deviations   
    Bond length (Å) 0.013 0.014 
    Bond angles (°) 1.609 1.745 
a. The highest resolution shell is shown in parenthesis. 
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AxNiR crystals for SF-ROX were grown using the hanging drop vapour 
diffusion method. The as-isolated enzyme was transferred to 10 mM Tris-HCl, 
pH 7.1 and concentrated to 10 mg/ml. Crystals were grown in 24 well 
Hampton crystallisation trays at 4°C with 150 trays set in total to produce the 
large number of crystals required for data collection. Trays were set with a 
400 μl well volume containing 10% (w/v) PEG 550 MME, 10 mM ZnSO4, 
100 mM MES buffer, pH 6.5. 2 μl of crystallisation mixture was mixed with 2 
μl protein solution on a cover slide. Crystals reached their maximum size after 
one week and were stored ready for data collection. The crystals were soaked 
in 35% (w/v) PEG 550 MME, 10 mM ZnSO4, 100 mM MES buffer, pH 6.5 for 
60 s before freezing by plunging into liquid nitrogen. The crystals had average 
dimensions of size 1 x 0.8 x 0.05 mm with a 2D plate morphology with 
crystals smaller than this or of incorrect morphology rejected. Crystals that 
had lost their bright blue colour were also rejected. Crystals were stored in 
canes in liquid nitrogen and then transferred to Uni-Pucks ready for data 
collection. In total, 111 crystals of appropriate size, morphology and oxidation 
state were grown, frozen and stored for the SF-ROX experiment. 
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4.3.2. Initial SF-ROX test data collection 
To test the efficacy of the large AxNiR crystals, a series of 32 images 
were collected at SACLA BL3 EH4 from a single AxNiR crystal (Figure 4.17a). 
This also provided an opportunity to see the physical effect of the XFEL pulse 
on the crystal and to plan for the data collection strategy. The X-ray energy 
was set to 10 keV and the pulses were of <10 fs duration. With the beam 
focused on the crystal, the high energy X-ray pulses drilled holes through the 
protein crystal and subsequently cracked the entire crystal and so positioning 
the crystal downstream of the beam focal point was recommended for 
complete data set collection. Two datasets were collected from the same 
crystal, going over the same exposure points to assess the propagation of 
radiation damage in the AxNiR crystals after XFEL exposure based on the 
protocol described here126. A point in the crystal was exposed to the 
unattenuated XFEL beam. For both cytochrome c oxidase126 and photosystem 
II199 crystals from which SF-ROX data collection had already been tested, no 
perceptible radiation damage could be detected 11 μm beyond the original 
unattenuated hit. To avoid the spread of radiation damage in the crystal, the 
final agreed upon translation distance was 50 μm between snapshots. 
Consistent with this advice, 32 images were collected for the first test dataset 
with a 50 μm translation and 0.1° rotation of crystal between the images. The 
32 images had an average number of 425 reflections per image. The beam 
was then highly attenuated with 1 mm Al and a second dataset was collected 
over the same spots to observe the effects of the XFEL pulse. The average 
number of reflections per image dropped to 98. Because the diffraction 
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images are collected with a known rotational step in between, the images 
could be processed using standard MX data processing software, in this case 
XDS168. This allows for a consistent sampling of the diffraction data, increasing 
data quality126. XDS recorded a data completeness of 18% for the first 32 
images. A significant diffraction signal (>1σ) was present at 2.7 Å (Figure 
4.17b). Processing of the second dataset reduced the limit to 3.6 Å (Figure 
4.17c). 
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Figure 4.17. SF-ROX test AxNiR crystal. (a) A large crystal of AxNiR (0.8 x 
0.4 x 0.05 mm) in a cryoloops after data collection at SACLA BL3 EH4. The 
crystal contains a series of holes, drilled by the XFEL, 50 μm apart. After full 
data collection, the crystal was full of major cracks. A diffraction pattern from 
the crystal (b) after full intensity XFEL exposure with diffraction spots 
observed at a maximum of 2.7 Å and (c) a second exposure with a maximum 
resolution of 3.6 Å. 
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4.3.3. SRX data collection and processing 
A comparison dataset was collected from one of the AxNiR batch 
grown crystals to determine the effects of radiation damage on the enzyme. 
Atomic resolution structures of AxNiR exist but it was necessary to have a 
comparison collected from the same protein stock, the same crystal batch and 
at the same X-ray wavelength51. Data collection took place at SPring-8 
BL41XU, chosen because of its high X-ray flux and tuneable beam energy92. 
Data collection at SACLA would be at 10 keV so the beam energy of BL41XU 
was set to the same. A single frozen crystal was mounted on the goniometer 
and centred. 360 images were collected from the crystal using PILATUS 6M 
detector in shutterless mode which took a total of 72 s for the full data set. 
The beam size was set to 44.0 (H) x 12.0 (W) μm with photon flux 1.5 x 1013 
photons/s and beam attenuation of Al 460 μm. 
The images were processed using XDS168 in space group H3. Data 
reduction and scaling was carried out in the CCP4 suite193 using AIMLESS200. 
5% of reflections were selected to be used for Rfree and not used for 
refinement. The resolution limit was cut-off at 1.6 Å based on CC1/2~0.5. The 
phases were determined using molecular replacement with MOLREP194 using 
the AxNiR monomer (PDB: 1OE1) as the model51. Refinement was performed 
using REFMAC5195 with riding hydrogen atoms and isotropic B-factors. Coot196 
graphic interface was used for manual model rebuilding and water addition in 
between each cycle of refinement. The quality of the final model was checked 
using MolProbity201. All data processing and refinement statistics for SRX 
structures are shown in Table 4.3. 
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4.3.4. Full SF-ROX data collection 
Full SF-ROX data collection was carried out at the SACLA XFEL’s BL3 
EH4191. Crystals were maintained at 100 K before and during data collection 
and loaded sequentially onto the goniometer using the SPACE sample 
changer202. As observed in the test, focusing the XFEL pulses onto the crystal 
caused significant damage to the protein crystal before data collection could 
be completed, wasting crystal stock and beamtime. After one exposure at the 
focus position, with a beam size of 2.0 (H) x 1.3 (W) μm, most crystals 
cracked after a few shots with some being ejected from the loop entirely. The 
beam focus was then moved 15 mm downstream of the focal point to produce 
a flux of 3 x 1010 photons and beam size of 3.0 (H) x 1.9 (W) μm. With the 
beam defocused on the crystal, the crystals no longer cracked during data 
collection with only evidence of exposure, a lattice of small ‘drilled’ holes with 
50 μm spacing (Figure 4.18).  
Because of the crystal morphology, they mounted consistently in large 
cryoloops, flat to the plane of the loop. This enabled the rotation range to be 
matched from crystal to crystal resulting in the high completeness of dataset 
(Table 4.3). The first crystal was mounted and orientated so the flat plane of 
the crystal was square on to the online camera. This orientation was then 
defined as 0° ϕ. The four corners of the crystal were then centred individually 
to maximise the number of images that could be collected from each crystal. 
After the corners were defined, the starting ϕ was selected and the number of 
images that could be collected from the crystal was calculated. This was then 
written out as several data collection strategies running from the top to the 
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bottom of the crystal with 50 µm in between before translating 50 µm 
horizontally and beginning the next data collection run. If 50 images could be 
collected from the first crystal, then the crystal would have rotated 5° by the 
end of data collection. Therefore, the start ϕ for the next crystal, orientated in 
the same manner, was set to 5° with the face on position set at 0°. This was 
then repeated until the total rotation reached +60° at which point the start ϕ 
was changed to -60° and the rotation moved back towards 0°. This allowed for 
the crystal diffraction to be sampled consistently. After the crystal rotated 
more than ±60° a very small number of images could be collected from each 
crystal due to the morphology (thin face exposed to beam) of the crystal. 
For data collection, the photon energy was set to 10 keV with an X-ray 
pulse length of less than 10 fs. The camera length was set to 120 mm, the 
minimum distance the geometry of the diffractometer would allow, but the 
crystals still diffracted to the edge of the detector (Figure 4.19). The crystals 
were rotated 0.1° between each snapshot equalling approximately one-third 
of the AxNiR crystal’s mosaicity determined from the synchrotron dataset 
collected previously. In total, 4403 single shot images were collected from 64 
crystals over the course of 10 hours. A RAYONIX MX225-HS CCD detector 
was used with 2x2 binning mode corresponding to the pixel size of 78.2 μm. 
Of the 4403 images, 3656 with sufficient diffraction spots (>15) were 
selected for data processing. Analysis of the diffraction intensities was carried 
out online using DISTL203.  
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Figure 4.18. AxNiR SF-ROX XFEL exposure. The AxNiR crystal is shown (a) 
before and (b) after exposure to the XFEL pulses. The crystal size is 1 x 0.7 x 
0.08 mm with the blue colour revealing the oxidation state of the copper site. 
Holes drilled by the XFEL are visible corresponding to the top left to bottom 
right data-collection strategy. Each hole is 50 μm apart, with a 0.1° rotation 
between each snapshot.  
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Figure 4.19. A snapshot diffraction image from an AxNiR crystal. Zoomed 
in section shows diffraction spots at the edge of the detector at 1.37 Å. 
Collected on a RAYONIX MX225-HS CCD detector with 2x2 binning mode.  
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4.3.5. SF-ROX data processing 
The diffraction images were processed using the CrystFEL suite161. 
Indexamajig was used for batch indexing and integration. Various trials were 
scripted and run in parallel on the SACLA HPC cluster to determine the best 
method and program choice for spot-finding and indexing. 
 
test_merge_04/   --indexing=mosflm-nolatt-nocell --int-radius=3,5,7 
test_merge_05/   --int-radius=6,7,8 
test_merge_06/   beamstop shadow masked 
test_merge_07/   --indexing=dirax 
test_merge_08/   --indexing=asdf 
test_merge_09/   --indexing=mosflm-nolatt-nocell --int-radius=5,7,8 
 
test_merge_09 produced the best results using the inbuilt spot finding 
algorithm zaef and indexing carried out using MOSFLM166 in space group H3 
with a 95.8% indexing rate (Figure 4.20). The inner, middle and outer 
integration radii were set to of 5, 7 and 8 pixels respectively. Ambigator170 was 
used to resolve the indexing ambiguity and Bragg intensities were merged 
using the Monte Carlo method with frame scaling (Figure 4.21, 4.22, 4.23). 
The resolution limit was set to 1.6 Å based on CC1/2~0.5 in the outer shell. 
The structure was built and refined with the same method as the SRX 
structure and the refined SRX structure was used as the starting model for this 
refinement. The quality of the final model was checked using MolProbity201. 
Data processing and refinement statistics are shown in Table 4.3. 
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Table 4.3. Data processing and refinement statistics for AxNiR collected by 
SRX and SF-ROX. 
 SF-ROX SRXRS 
Data collection   
Space group H3 H3 
Unit cell dimensions    
    a=b, c (Å) 89.97, 143.56 90.35, 143.58 
    α=β, γ (°) 90, 120 90, 120 
Resolution (Å) 19.84 – 1.60 (1.63 – 1.60)a 47.86 – 1.60 (1.63 – 1.60)a 
Rsplit (%) 18.6 (77.2)a  
Rp.i.m. (%)  7.5 (29.6)a 
<I/σ(I)> 4.7 (2.0)a 5.1 (1.2)a 
CC1/2 0.975 (0.502)a 0.981 (0.782)a 
Completeness (%) 100.0 (100.0)a 98.0 (97.8)a 
Multiplicity 132.3 (47.0)a  
Redundancy  3.3 (3.1)a 
Wilson B-factor (Å2) 26.1 23.6 
Refinement   
No. of reflections 57138 (5685)a 56521 (2791)a 
Rwork/Rfree (%) 18.5/22.6 19.0/22.3 
No. atoms   
    Protein 2594 2578 
    Ligand/ion 42 40 
    Water 386 378 
B-factors (Å2)   
    Protein 29.0 27.4 
    Cu 26.1 25.9 
    Zn 31.0 28.4 
    MES 49.2 46.0 
    PEG 39.1 44.5 
    Dioxygen 32.1  
    Water 40.3 39.0 
R.m.s deviations   
    Bond length (Å) 0.015 0.018 
    Bond angles (°) 1.758 1.900 
PDB access code 5ONX 5ONY 
a. The highest resolution shell is shown in parentheses. 
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Figure 4.20. The distribution of unit cell parameters from AxNiR crystals. 
The unit cell lengths and angles from individually indexed snapshots from 
indexamajig. Red colouring represents the parameters that fall into a H 
centred space group. The unit cell has a c=144 Å length corresponding to a 
single monomer in the asymmetric unit. 
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Figure 4.21. Resolving the indexing ambiguity in AxNiR crystals. The 
program ambigator169,170 calculates correlation coefficients between the 
current crystal intensity and all other crystal intensities in a turn-by-turn 
manner, shown by blue and orange dots. The mean of the correlation 
coefficient is taken over all crystals which have the same indexing assignment 
(f, blue) as the current pattern while a second mean is taken over all crystals 
which have indexing assignments opposite to the current crystal (g, orange). 
The indexing assignment is then changed for each crystal if g > f. Three 
iterations of ambigator were run with operator h,k,-l. The two mixed indexing 
solutions were separated into two clusters shown by the red and blue lines 
showing the smoothed moving average values of f and g, respectively. The 
upper and lower black lines show the smoothed moving average values of 
whichever of f or g is greater or lower, respectively, for the current crystal 
which should converge on the average values of f and g. 
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Figure 4.22. SF-ROX data processing of AxNiR. Graph shows the values for 
CC, CC* and Rsplit for AxNiR SF-ROX data collection. The 1.6 Å cut-off is 
shown with a vertical black line. A comparison is made between the merged 
individual intensities with and without frame scaling. 
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Figure 4.23. L-test results from AxNiR SF-ROX data collection. Intensity 
statistics show for SFX data (a) before and (b) after running stream though 
ambigator with operator h,k,-l. Twinning signal was dispelled after running 
the program. Cumulative distribution function for |L| observed shown in red, 
expected (untwinned) in blue and expected (twinned) in green. 
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4.3.6. Structure of as-isolated AxNiR using SRX 
The dataset of AxNiR collected from the same crystal batch as the SF-
ROX crystals was processed and refined to 1.6 Å as a comparison (Table 4.3). 
A single AxNiR monomer was present in the asymmetric unit. The functional 
trimer was formed by the symmetry operator of the crystal (Figure 4.24). The 
sequence of AxNiR consists of 336 residues but no electron density was viable 
for the first or last residues indicating their flexibility leaving a model of 334 
residues. His313 is bound to a PEG molecule covering the substrate entry 
channel preventing NO2- soaking. Both the copper sites, T1Cu and T2Cu were 
fully occupied with copper based on their B-factors relative to the 
neighbouring atoms in the metal binding pocket (Figure 4.25). A comparison 
was made to atomic resolution AxNiR structure (PDB: 1OE1) to make sure of 
no significant differences between this recombinant AxNiR preparation and 
the native protein used there. The structures were aligned by superposition of 
the secondary structure elements and protein backbone Cα atoms using the 
SSM algorithm204. No significant changes were observed in the ligand 
geometry around the T1Cu or T2Cu sites. As well at the three histidine 
ligands, the T2Cu is ligated by water (W1) molecule in a tetrahedral 
geometry. The water is hydrogen bonded to Asp92 which is then linked to 
His249 by second water (W2) as observed in other cryo SRX CuNiR structures 
(Figure 4.26)205,206. The Asp92 is structured in the proximal position with no 
electron density to suggest a low occupancy gatekeeper secondary 
conformation. Ile251 is positioned at the top of the T2Cu pocket to produce a 
hydrophobic, steric restriction to extra solvent accessing the active site. 
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Figure 4.24. The functional trimer of AxNiR. Two copper sites are present 
in each of the three monomers (grey, blue and orange). The T1Cu sites are 
shown in dark blue, buried below the protein surface. The T2Cu sites are 
shown in cyan, ligated between the monomer-monomer interface (PDB: 
5ONY). 
 
 
 
 
 173 
 
Figure 4.25. The copper sites of AxNiR determined by SRX. The T1 and 
T2Cu are connected by a Cys-His bridge along which electron transfer takes 
place. The Cu sites are also connected by the amino acid chain His89, a T1Cu 
ligand and Asp92, one of the T2Cu catalytic ligands. 2Fo-Fc electron density is 
contoured at 2σ level and shown as magenta mesh. Atoms are coloured by 
element with a different colour scheme used for the different chains; T2Cu as 
a cyan sphere, water molecules as small red spheres. Metal coordinating 
bonds are shown as red dotted lines. Selected hydrogen bonds are shown as 
black dotted lines (PDB: 5ONY). 
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Figure 4.26. The resting state T2Cu site determined using synchrotron 
radiation. The T2Cu is ligated by three histidine residues and W1. The two 
catalytic residues, Asp92 and His249, are linked by hydrogen bonding to W1 
as well as W2 positioned behind. 2Fo-Fc electron density is contoured at 2σ 
level and shown as grey mesh. Atoms are coloured by element with a different 
colour scheme used for the different chains; T2Cu as a cyan sphere, water 
molecules as small red spheres. Metal coordinating bonds are shown as red 
dotted lines. Selected hydrogen bonds are shown as black dotted lines (PDB: 
5ONY). 
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4.3.7. Structure of as-isolated AxNiR using SF-ROX 
The synchrotron structure was used as the starting model for SF-ROX 
refinement. Both the synchrotron and XFEL datasets were determined to the 
same resolution of 1.6 Å. After assessment and refinement of the rest of 
structure, the T2Cu ligand was assessed (Table 4.4). A large, elongated patch 
of positive density was observed atop the T2Cu site. Initially, a single water 
molecule was assigned, and the structure was refined. However, after 
refinement, a large proportion of the positive density still remained in-
between the two catalytic residues. As two water molecules are sometimes 
seen binding the T2Cu in room-temperature CuNiR structures, a second water 
was added manually, and the model was further refined. However, upon 
reviewing the model, the distance between the two water oxygens was 1.28 
Å, much too short for a hydrogen bond between two water molecules. A split 
occupancy water was then checked but a single split water did not satisfy the 
density either. In a recent SFX structure of AfNiR, a chloride atom was 
observed binding to the T2Cu in the resting state179. In that case the authors 
had suggested that chloride had originated from the purification or 
crystallisation protocol where Tris-HCl buffer was used. With this in mind, 
seeing as Tris-HCl buffer was used in this purification, chloride was modelled 
and refined. However, chloride also did not satisfy the electron density of SF-
ROX of AxNiR which generated a much stronger signal than was observed in 
the experimental electron density. The ligands and products of AxNiR were 
then assessed. Endogenous NO2- and NO have been previously observed in 
AcNiR and so had to be considered in this case. The density was too small to 
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occupy NO2- with the density appearing to be consistent with a diatomic 
molecule. This pointed towards NO being the ligated species but when 
modelled, the molecule, while satisfying the electron density took up an end-
on coordination as opposed to the side-on NO previously observed207. In 
consideration of other possible diatom species, the superoxide dismutase 
activity of AxNiR was recalled52. O2 was then modelled and refined which 
satisfied the electron density. The binding was checked by the generation of a 
3000 K simulated annealing omit map after full structural refinement which 
showed the elongated density above the T2Cu (Figure 4.27, 4.28). The 
distance between the two O atoms was refined using REFMAC5195 restraints. 
The species refined with an O-O distance of 1.24 Å, compatible with a O2/O2- 
species. This refinement was compared to a known copper-dependent, 
dioxygen binding enzyme, peptidylglycine α-hydroxylating monooxygenase 
(PHM) (Figure 4.29)208. Both the SF-ROX refinement and the PHM structure 
have dioxygen species bound end-on to the copper, as opposed to the side-on 
binding of NO observed in nitrite reductases207. A superposition of the T2Cu 
site and the Zn site of bovine Cu, Zn-SOD revealed a distinct structural 
similarity previously observed by Strange et al.52. The distance between the 
carboxy oxygen of Asp92 and the dioxygen species, O furthest from the T2Cu 
had an O-O distance of 2.55 Å. This suggests that Asp92 is protonated on that 
carboxy group as dioxygen is unable to provide a proton to hydrogen bond.  
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Figure 4.27. The resting state T2Cu site determined using femtosecond 
crystallography. The T2Cu is ligated by a dioxygen species in an end-on 
manner. 2Fo-Fc electron density map contoured at 2σ in magenta mesh. Atoms 
are coloured by element with a different colour scheme used for the different 
chains; T2Cu as a cyan sphere, water molecules as small red spheres. Metal 
coordinating bonds are shown as red dotted lines. Selected hydrogen bonds are 
shown as black dotted lines (PDB: 5ONX). 
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Figure 4.28. A cross-eyed stereo image of the resting state superoxide 
bound T2Cu site. A 3000 K simulated annealing omit map shows the dioxygen 
ligand bound to the T2Cu site. Fo-Fc electron density map contoured at 5σ in 
green mesh around the refined dioxygen ligand. Atoms are coloured by element 
with a different colour scheme used for the different chains; T2Cu as a cyan 
sphere, water molecules as small red spheres. Metal coordinating bonds are 
shown as red dotted lines. Selected hydrogen bonds are shown as black dotted 
lines (PDB: 5ONY). 
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Figure 4.29. Alignment of O2 bound AxNiR and PHM. Both structures have 
end-on bound dioxygen shown in red. The tetrahedral ligation of both copper 
atoms is easily observed. AxNiR is shown in yellow and PHM is shown in 
purple with the copper atoms shown in cyan/brown respectively. PHM Cu has 
His2-Met coordination. AxNiR coordinate bonds are shown in red (PDB: 
5ONX) with PHM coordinate bonds shown in blue (PDB: 1SDW)208.  
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Table 4.4. Comparison of AxNiR copper-site geometries 
 SF-ROX (5ONX) SRXRS (5ONY) SRXRS (1OE1) 
T1Cu site distances (Å)    
T1Cu – His89 Nδ1 1.96 2.11 2.02 
T1Cu – Cys130 Sγ 2.08 2.11 2.20 
T1Cu – His139 Nδ1 1.96 2.02 2.03 
T1Cu – Met144 Sδ 2.72 2.75 2.45/4.26 
    
T1Cu site angles (°)    
His89 Nδ1 – Cu – Cys130 Sγ 131.7 125.6 121.5 
His89 Nδ1 – Cu – His139 Nδ1 99.9 103.6 100.5 
His89 Nδ1 – Cu – Met144 Sδ 84.3 82.4 88.4/87.5 
Cys130 Sγ – Cu – His139 Nδ1 119.5 122.5 113.9 
Cys130 Sγ – Cu – Met144 Sδ 105.8 106.2 113.5/107.1 
His139 Nδ1 – Cu – Met144 Sδ 109.0 108.4 116.4/124.7 
    
T2Cu site distances (Å)    
T2Cu – His94 Nδ2 2.04 2.04 1.96 
T2Cu – His129 Nδ2 2.02 2.01 2.00 
T2Cu – His300 Nδ2 2.06 2.09 2.00 
T2Cu – Wat1  1.72 1.98 
T2Cu – Oxy1 2.65   
T2Cu – Oxy2 1.81   
Asp92 Oδ2 – Oxy1  2.55   
His249 Nδ2 – Oxy1 2.24   
    
T1Cu site angles (°)    
His94 Nδ2 - T2Cu - His129 Nδ2 104.8 108.2 110.9 
His94 Nδ2 - T2Cu - His300 Nδ2 100.0 106.4 103.6 
His129 Nδ2 - T2Cu - His300 Nδ2 112.5 108.6 108.9 
    
T2Cu – His3 ligand plane (Å) 0.75 0.74 0.72 
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4.3.8. Comparison of the SRX and SF-ROX structures of AxNiR 
The observation of the O2/O2- ligand is novel here due to the binding 
mode exhibited. CuNiRs have been previously observed binding diatomic 
molecules, both NO and O2 but in all case, the binding mode has been side-on 
with equal bond lengths from both atoms to the copper76,207. Here we observe 
a mononuclear Cu(II)-superoxo complex with asymmetric O-O binding, end-
on as opposed to side-on. The oxygen reduction mechanism of CuNiRs has 
been previously described through its dismutase activity52 and, more recently, 
a structure of GtNiR published with a dioxygen molecule ligated T2Cu (Figure 
4.30)76. The electron density in GtNiR was assigned to dioxygen based on the 
refined O-O distance and UV–visible spectrum absorbance at 352 nm209. 
Previously, the observation of mononuclear Cu(II)-O2/O2- complexes were 
thought to be unobservable because of the rapid rate of decomposition. The 
movement of the dioxygen species from side-on to end-on may have been 
driven by the change in the IleCAT residues in AxNiR to Val in GtNiR creating a 
much larger substrate binding pocket allowing easier access of O2 to the 
T2Cu. The binding mode is uniquely similar to dioxygen binding observed in 
PHM208. Both display end-on binding with refined O-O bond distances of 1.23 
Å for PHM and 1.24 Å for AxNiR. The AxNiR SF-ROX structure was compared 
with the structure of AfNiR SFX which contains a chloride ion bound to the 
T2Cu, replacing W1 (Figure 4.31). When comparing the NO2--bound 
structures, the NO2- has a top-hat, symmetrical coordination which is 
connected to the position of NO viewed in AcNiR in the MSOX series as 
opposed to the coordination of O2 observed here132. 
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Figure 4.30. A superposition of diatom bound T2Cu. The T2Cu sites of NO-
bound AcNiR (grey, PDB: 5I6O)132, O2-bound GtNiR (blue, PDB: 3WNJ)76 and 
O2--bound AxNiR (orange, PDB: 5ONX) CuNiR. Both O2 binding and NO 
binding are observed in side-on modes with O2- observed in an end-on mode. 
In GtNiR, the pocket isoleucine residue is replaced with a valine residue, 
increasing the volume of the active site pocket. 
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Figure 4.31. A superposition of SRX AxNiR, SF-ROX AxNiR and SFX AfNiR 
resting state T2Cu sites. The O2- and W1 are depicted with 3000 K simulated 
annealing Fo-Fc omit electron density maps, contoured at 6σ in green and red 
mesh respectively. AfNiR determined by SFX is bound by a chloride molecule 
from the purification and/or crystallisation procedure. The AxNiR SRX 
structure is shown in blue (PDB: 5ONY), the AxNiR SF-ROX in orange (PDB: 
5ONX) and the AfNiR SFX in grey (PDB: 4YSC)179.  
 
 
 
 
 184 
4.3.9. AxNiR-superoxide adduct formation 
The basis for this work has been to compare the atomic structure of 
AxNiR collected using femtosecond crystallography and compare it with a 
structure collected using synchrotron radiation at a synchrotron light source. 
To make for a complete comparison both datasets were collected from crystals 
grown in the same batch and from the same recombinant protein stock and so 
all expression, purification, crystallisation and crystal handling was the same. 
While the amino acid structure of the protein was the same for both the SF-
ROX and SRX structures, the T2Cu ligand was found to be H2O in the SRX 
structure as previously observed but a superoxide ligand in the SF-ROX 
structure. While usually highly reactive as a radical, O2 has been shown to 
bind to reduced mononuclear copper centres that result in their oxidation and 
the stabilisation of the O2 as O2- on the T2Cu forming a copper(II)-superoxo 
adduct210.  
The <10 fs XFEL pulses used to collect this data occur on a timescale 
beyond that of any molecular rotation or vibration and therefore can be 
consisted ‘time-frozen’ with no photochemistry occurring in the crystal during 
data collection135. The blue AxNiR crystals indicate these crystals are in the 
Cu(II) oxidised state and so would be unable to bind O2 from the aerobic 
conidiations they are produced in. However, during expression and 
purification CuNiRs are known to bind and remain stable through data 
collection with ligand and product species such as NO2- and NO 54. Therefore, 
if a reduced Cu(I) species present in AxNiR was to react with O2 to form the 
superoxo adduct it would likely remain stable through crystallisation and data 
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collection due to an increase in the reduction potential of the T2Cu when NO2- 
is bound preventing the reverse reaction occurring211. This structure can 
represent a trapped intermediate of the oxidase reaction waiting for the 
delivery of an electron to enable H2O2 production. Alternatively, O2- can bind 
to the Cu(II) oxidised T2 (Scheme 4.1).  
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Scheme 4.1. A reaction scheme of O2 and NO2- binding to AxNiR based on 
structural data. The T2Cu(II)-O2- intermediate is stable unless a second 
electron is delivered to turn the reaction over. 
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Chapter 5 - AcNiR serial femtosecond 
crystallography 
 
5.1. Preparation of AcNiR crystals for SF-ROX 
5.1.1. Batch crystallisation 
The success of AxNiR SF-ROX data collection proved that two-domain 
CuNiRs crystals were highly amenable to data collection with this method. 
The method of AxNiR crystallisation however prevented the soaking of NO2- 
ligand into the crystals and so the damaged-free binding mode not able to be 
observed. Published structures of AcNiR showed that ligand soaking was 
possible to high resolution with these crystals and so were selected as the next 
target for data collection54. Purified AcNiR was transferred into 10 mM 
HEPES-OH, pH 6.5 buffer and concentrated to 50 mg/ml for crystallisation. 
Crystals were grown in anticipation of an SF-ROX experiment and so crystal 
size was maximised. Large crystals, 0.7 x 0.7 x 0.7 mm in size were grown by 
hanging drop vapour diffusion at room temperature. 400 µl of crystallisation 
mixture was added to each well containing 1.2 M ammonium sulphate and 
100 mM citrate buffer, pH 5.0. 2 µl of protein solution was mixture with 2 µl 
of crystallisation mixture and immediately seeded with microcrystals of 
AcNiR. Crystals grew to the appropriate size after 5 days with a pyramidal 
morphology (Figure 5.1).
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Figure 5.1. Batch crystallisation of AcNiR. Crystals were grown by hanging 
drop vapour diffusion against 1.2 M ammonium sulphate and 100 mM citrate 
buffer, pH 5.0 The green colour of the crystals is clearly evident pointing to a 
fully oxidised T1Cu site. 
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5.1.2. SRX data collection 
To test the diffraction quality of the crystals, a single dataset was 
collected from one crystal from the same batch as would be used for the SF-
ROX data collection. The harvested crystal was soaked in 3.4 M ammonium 
sulphate and 100 mM citrate buffer, pH 5.0 for 10 s and cryocooled by 
plunging into LN2. Data collection was carried out remotely at beamline i04-1 
at the Diamond Light Source, Oxford, UK. A full dataset consisting of 3600 
images with 0.1° oscillation was collected using a PILATUS 6M-F single 
photon counting detector in shutterless mode. The X-ray energy was fixed at 
13.35 keV with a crystal to detector distance of 172 mm and 10% beam 
transmission. Diffraction spots were visible at the edge of the detector, the 
maximum allowed by the geometry of the beamline (Figure 5.2). 
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Figure 5.2. A diffraction pattern from AcNiR collected. Diffraction spots are 
visible at the edge of the detector (0.93 Å) highlighted with a red circle. Data 
collected on a PILATUS 6M-F detector at Diamond i04-1. 
 
 
 
 
 
 
 
 
 191 
5.1.3. SRX processing and refinement 
All 3600 images were processed automatically with the xia2 pipeline212 
using DIALS213 for indexing and integration and AIMLESS200 for data 
reduction. However, the data processing statistics did not show a significant 
diffraction signal out towards the detector edge. The data was then 
reprocessed manually using XDS168 with the images broken up into 6 groups 
of 600 images each to check for variation across the datasets. One dataset 
consisting of image numbers 1201 – 1800 produced by far the best processing 
statistics as given in Table 5.1 with a maximum resolution of 0.96 Å. The 
dataset processed in space group P213 and an AcNiR monomer (PDB: 5AKR)55 
was used as a starting model for refinement. Anisotropic parameters, solvent, 
ligands and alternate conformations were removed from the model. Initial 
rigid body refinement was followed by rounds of restrained refinement in 
REFMAC5195 with isotropic B-factors and riding hydrogens. In between rounds 
of refinement, Coot196 was used for manual model rebuilding and addition of 
waters. After each round of isotropic refinement, the resolution limit was 
raised until the maximum resolution was reached. Anisotropic refinement 
then started for 10 rounds of refinement after which the Rfactor in the outer 
shell reached a minimum of 28%. Based on the diffraction of the crystal and 
the statistics presented, the resolution of this crystal is better than was able to 
be collected limited by the diffractometer geometry. 
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Table 5.1. Data collection and refinement statistics for AcNiR collected using 
SRX 
Data collection  
Space group P213 
Unit cell dimensions  
     a=b=c (Å) 94.99 
     α=β=γ (°) 90 
Resolution (Å) 42.48 – 0.96 (0.98 – 0.96)a 
Rp.i.m. (%) 2.9 (47.9)a 
<I/σ(I)> 13.8 (1.6)a 
CC1/2 0.999 (0.563)a 
Completeness (%) 99.4 (96.1)a 
Redundancy 5.5 (1.9)a 
Wilson B-factor (Å2) 5.3 
Refinement  
No. of unique reflections 171918 (8172)a 
Rwork/Rfree (%) 10.3/12.2 
R.m.s deviations  
    Bond length (Å) 0.017 
    Bond angles (°) 2.023 
a. The highest resolution shell is shown in parenthesis. 
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5.1.4. Structure of as-isolated AcNiR using SRX. 
The newly collected structure was compared to the previously 
published atomic resolution, resting state AcNiR structure (PDB: 2BW4)54. The 
structures were aligned by superposition of the secondary structure elements 
and protein backbone Cα atoms using the SSM algorithm204. No significant 
changes were present in the geometry of the T1Cu site but the geometry 
(Figure 5.3) of the T2Cu site was significantly different. In the atomic 
resolution, resting state AcNiR structure, the T2Cu is ligated by W1, bound 
apically to the Cu in a true tetrahedral geometry with respect to the three 
histidine ligands. Two conformations of the Asp98 are present, both proximal 
and gatekeeper with the proximal predominating. In the new structure, the 
T2Cu is ligated by two water molecules orientated leaning away (W1) and 
towards (W3) the catalytic residues (Figure 5.4). The atomic resolution, 
resting state AcNiR structure is refined from a dataset collected from A. 
cycloclastes purified from the native source while this new structure is from a 
recombinant enzyme. The appearance of W3 is often associated with RT data 
collection but is visible here collected at 100 K59. The quality of the diffraction 
and the electron density maps was such that these crystals were considered 
adequate for SF-ROX data collection. 
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Figure 5.3. The structure of the AcNiR T1Cu site determined by SRX. The 
T1Cu is ligated with the usual His2-Cys-Met ligation. Met141 is visible in two 
conformations orientated away from and pointing towards His145, partially 
covering the residue. 2Fo-Fc electron density map is contoured at the 1σ level 
and shown as blue mesh. The T2Cu is shown as a blue sphere. Metal-
coordinating bonds are shown as red dotted lines. 
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Figure 5.4. The structure of the AcNiR T1Cu site determined by SRX. Two 
water molecules (W1 and W3) ligate the T2Cu orientated away from and 
towards the catalytic residues. The W3 is of half occupancy. The linking water 
(W2) is in its usual position in-between Asp98 and His255. 2Fo-Fc electron 
density map is contoured at the 1σ level and shown as blue mesh. The T2Cu 
is shown as a cyan sphere and water molecules as small red spheres. Metal-
coordinating bonds are shown as red dotted lines. Selected hydrogen bonds 
are shown as black dotted lines. 
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5.2. AcNiR SF-ROX 
5.2.1. Crystal treatment 
AcNiR crystals from the same batch produced above in Liverpool were 
stored and taken to SACLA, Japan for SF-ROX data collection. Crystals were 
transferred to an Eppendorf tube containing 1.8 M ammonium sulphate and 
100 mM citrate buffer, pH 5.0. Three hundred and thirty-four crystals were 
used in total. At the SACLA beamline, crystals were harvested one at a time 
and soaked in cryoprotectant before freezing by plunging into LN2. Three 
different solutions were used for soaking to collect damage-free, time-frozen 
datasets of AcNiR in three different states; resting (oxidised), reduced and 
NO2--bound. Oxidised crystals were soaked in 3.4 M ammonium sulphate and 
100 mM citrate buffer, pH 5.0 for 10 s. Reduced crystals were soaked in 3.4 M 
Na-malonate, pH 5.0 and 100 mM Na-ascorbate for 30 minutes after which 
the crystals turned from green to colourless. NO2--bound crystals were soaked 
in 3.4 M Na-malonate, pH 5.0 and 100 mM NaNO2 for 10 s. After freezing, 
crystals were then loaded into Uni-Pucks for sample exchange using the 
SPACE sample changer202. 
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5.2.2. SF-ROX data collection 
SF-ROX data collection was carried out at SACLA Bl2 EH3/EH4. This 
was one of the first uses of BL2 for user operation. BL3 which was used for 
AxNiR data collection, is located in line with the accelerator with electrons fed 
linearly into the undulator. BL2 was brought online using a kicker to push 
electrons simultaneously pulse-by-pulse into the undulators forming BL3191 
and BL2214. The laser pulse energy was expected to be slightly lower than for 
BL3 with an average of ~437.7 µJ/pulse as opposed to ~456 µJ/pulse. The 
data collection strategy was the same as utilised for AxNiR. For data 
collection, the photon energy was set to 10 keV with an X-ray pulse length of 
less than 10 fs. The camera length was set to 110 mm, the minimum the 
geometry of the diffractometer would allow but the crystals still diffracted to 
the edge of the detector (Figure 5.5). After the first crystal exposure, a 
number of low-resolution reflections were found to be oversaturated, so for 
subsequent exposures, 0.1 mm Al attenuation was added. The crystals were 
rotated 0.1° between each snapshot equalling approximately one-third AcNiR 
the crystal mosaicity determined from the synchrotron dataset collected 
previously. In total, 3705 single shot still images were collected from 170 
crystals over the course of 22 hours. A RAYONIX MX225-HS CCD detector 
was used with 2x2 binning mode corresponding to the pixel size of 78.2 μm. 
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5.2.3. SF-ROX data processing 
All three datasets were processed using the CrystFEL suite161 in the 
same manner and so the following processing methodology and figures will 
discuss the oxidised structure only. No sorting was carried out to separate 
miss and hit images as a large majority appeared to be hits based on 
observing the data collection over the course of the experiment. Instead, all 
images were run through indexamajig using MOSFLM166 and DirAx167 for 
indexing. A bug in the data collection scheduling software was that the first 
image in each vertical series was a blank image. These invalid images were 
excluded based on the log file records from which the blank image numbers 
could be extracted. Hit-finding would not have improved the data quality 
significantly because >70% of collected images were successfully indexed, but 
the filtering of bad images, even though they were indexed; for example, low-
resolution, multiple lattice, poor prediction accuracy, may help to improve 
data since few images are merged. However, data quality was already 
sufficient and so little gain was to be made. Optimization of peak search, 
indexing, and integration parameters then followed. The inner, middle and 
outer integration radii were set to of 4, 5 and 7 pixels respectively. As blank 
images could not be indexed these were not incorporated into the output 
stream and discarded. All three datasets were indexed into P213 (Figure 5.6). 
The indexing ambiguity was resolved using Ambigator using operator -h,l,k 
(Figure 5.7). Bragg intensities were merged using the Monte Carlo method 
with frame scaling (Figure 5.8). Model building was carried out in the CCP4 
suite193 using Coot196 and PDB: 5AKR55 as a start model. Refinement was 
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carried out in REFMAC5195 with riding H atoms and isotropic B-factors. The 
final quality of the models was assessed using MolProbity201. Data processing 
and refinement statistics can be found in Table 5.2. 
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Figure 5.5. A snapshot diffraction image from an oxidised AcNiR crystal. 
(a) Before and (b) after the addition of 0.1 mm Al attenuation to the beam. 
The number of oversaturated reflections is reduced. Reflections can be clearly 
seen at the edge of the detector. 
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Figure 5.6. The distribution of unit cell parameters from oxidised AcNiR. 
The unit cell lengths and angles from individually indexed snapshots from 
indexamajig displayed as a distribution. Black colouring represents these 
parameters that fall into a P centred space group. 
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Figure 5.7. Resolving the indexing ambiguity in oxidised AcNiR. The 
program ambigator169,170 calculates correlation coefficients between the 
current crystal intensity and all other crystal intensities in a turn-by-turn 
manner, shown by blue and orange dots. The mean of the correlation 
coefficient is taken over all crystals which have the same indexing assignment 
(f, blue) as the current pattern while a second mean is taken over all crystals 
which have indexing assignments opposite to the current crystal (g, orange). 
The indexing assignment is then changed for each crystal if g > f. Three 
iterations of ambigator were run with operator -h,l,k. The two mixed indexing 
solutions were separated into two clusters shown by the red and blue lines 
showing the smoothed moving average values of f and g, respectively. The 
upper and lower black lines show the smoothed moving average values of 
whichever of f or g is greater or lower, respectively, for the current crystal 
which should converge on the average values of f and g. 
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Figure 5.8. SF-ROX data processing of oxidised AcNiR. Data processing of 
resting state AcNiR collected at SACLA BL2. CC, CC* and Rsplit statistics are 
shown with and without frame scaling during merging. Scaled data was used 
for structural determination with a high-resolution cut-off of 1.5 Å. 
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Table 5.2. Data processing and refinement statistics for AcNiR collected using 
SF-ROX. 
 SF-ROXOX SF-ROXNIT SF-ROXRED 
No. of crystals 75 62 33 
Images collected 1867 1257 581 
Images merged 1377 1039 410 
Data collection    
Space group P213 P213 P213 
Unit cell dimensions    
     a=b=c (Å) 94.95 94.92 94.61 
     α=β=γ (°) 90 90 90 
Resolution (Å) 
 
54.82 – 1.50  
(1.54 – 1.50)a 
54.80 – 1.50  
(1.54 – 1.50)a 
54.62 – 1.60  
(1.64 – 1.60)a 
Rsplit (%) 11.5 (90.4)a 10.6 (85.3)a 15.8 (70.8)a 
<I/σ(I)> 6.3 (2.0)a 6.6 (2.3)a 5.4 (2.7)a 
CC1/2 0.980 (0.157)a 0.984 (0.288)a 0.957 (0.384)a 
Completeness (%) 100.0 (100.0)a 100.0 (100.0)a 100.0 (100.0)a 
Multiplicity 220.9 (77.2)a 154.7 (50.8)a 66.1 (44.3)a 
Wilson B-factor (Å2) 23.0 22.6 24.9 
Refinement    
No. of unique 
reflections 
45883 (2276)a 45846 (2275)a 37489 (1858)a 
Rwork/Rfree (%) 14.4/17.7 14.2/17.2 16.5/19.8 
No. atoms    
    Protein  2608 2595 2580 
    Ligand/ion 37 22 59 
    Water 427 425 270 
B-factors (Å2)    
    Protein 18.9 18.7 21.9 
    Cu 17.3 16.3 18.3 
    SO4 33.2   
    NO2-  18.0  
    Malonate  32.3 30.1 
    Water 30.0 30.5 32.7 
R.m.s deviations    
    Bond length (Å) 0.01 0.01 0.01 
    Bond angles (°) 1.61 1.57 1.52 
PDB access code 6GSQ 6GT0 6GT2 
a. The highest resolution shell is shown in parenthesis. 
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5.2.4. Oxidised structure of AcNiR determined by SF-ROX  
 The time-frozen, resting state structure of AcNiR was refined to 1.5 Å. A 
comparison was made with both the native atomic resolution structure 
previously published (0.90 Å) and the recombinant synchrotron structure 
discussed above (0.96 Å). When compared to the recombinant structure, the 
structures are identical with an all-protein atom r.m.s.d. of 0.01 Å compared 
with 0.29 Å when aligned with the native structure. Both the T1Cu and T2Cu 
were assigned with full occupancy based on their B-factors relative to the 
protein backbone and neighbouring residues. The T1Cu was coordinated with 
the usual His2-Cys-Met residues (Figure 5.9). In the surrounding residues, 
Met141 takes up two conformations, one orientated towards, and one away 
from His145. Adjacent to this residue, a loop consisting of residues 195-202 
sits on the surface of the protein. In the SF-ROX structure, there is little 
electron density for most of these residues except for the Tyr196 side chain 
and a number of main chain Cα atoms. The T2Cu on the other hand had a 
number of marked differences. Like the atomic resolution structure (PDB: 
2BW4), the T2Cu is ligated by a single water molecule (W1) (Figure 5.10). 
This is in marked contrast to the recombinant synchrotron structure where the 
T2Cu was ligated by two water molecules (W1 and W3). However, like the 
recombinant structure, W1 is highly ordered with a B-factor just slightly 
higher than that of the T2Cu. It is also orientated, pointing away from the 
catalytic resides. The distorted tetrahedral geometry relative to the His3 plane 
is distinct from the native structure where W1 binds with true tetrahedral 
geometry including the His3 plane. The Asp98 residue takes up two 
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conformations, one, the proximal position but the second is previously 
unobserved. The new conformation is a distorted proximal position with the 
Oδ1 atom position fixed and the side-chain rotating around such that the Oδ2 is 
hydrogen bonding directly to the T2Cu. Both conformations have equal (0.5) 
occupancy and because of the fixed Oδ1 position both hydrogen bond to W2 
linking Asp98 to His255. The distorted proximal position is also able to 
hydrogen bond to W1 unlike the proximal position which hydrogen bonds to 
two waters in the solvent entry channel. 
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Figure 5.9. The SF-ROX structure of oxidised AcNiR T1Cu. The T1Cu is 
ligated by the usual four ligands. Met141 is visible in it two conformations. 
2Fo-Fc electron density map is contoured at the 1σ level and shown as blue 
mesh. The T2Cu is shown as a blue sphere. Metal-coordinating bonds are 
shown as red dotted lines (PDB: 6GSQ). 
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Figure 5.10. The SF-ROX structure of oxidised AcNiR T2Cu. A single water 
molecule (W1) is ligated to the T2Cu in distorted tetrahedral geometry. The 
Asp98 is visible in two conformations, the distorted position hydrogen 
bonding directly to the T2Cu water. 2Fo-Fc electron density map is contoured 
at the 1 σ level and shown as blue mesh. The T2Cu is shown as a cyan sphere 
and water molecules as small red spheres. Metal-coordinating bonds are 
shown as red dotted lines. Selected hydrogen bonds are shown as black 
dotted lines (PDB: 6GSQ). 
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5.2.5. Reduced structure of AcNiR determined by SF-ROX  
The reduced structure of AcNiR was refined to 1.6 Å. The resolution was 
lower than that of the resting state structure because of the effects of chemical 
reduction via soaking. To reduce the oxidised AcNiR crystals, they were 
soaked in 100 mM ascorbate solution until all green crystal colour was lost. 
This, on average took around 30 minutes by observing the crystal under a 
microscope during soaking. No cracking or dissolving of the crystals took 
place. Soaking was stopped once the crystals turned completely colourless 
indicating their full reduction. Beyond this point, the crystals began to 
dissolve rapidly thus fishing and freezing the crystals in a rapid manner was 
vital. Because of the percentage of lost crystal volume, fewer images could be 
collected per image and fewer crystals could be used overall as ~50% 
dissolved too rapidly to be frozen. Once the crystals were frozen and 
maintained at 70 K, no more crystal degradation occurred. Soaking the 
crystals for such a long time in strong reductant was thought to degrade the 
crystal but the crystals diffracted just as well as the oxidised crystals. A full 
dataset was able to be collected from just 33 crystals because of their high 
symmetry albeit with a lower redundancy. Both T1 and T2 copper sites show 
marked changes from the oxidised structure. The T1Cu was assigned with a 
split position, one major (0.7 occupancy) and minor (0.3 occupancy) (Figure 
5.11). When the oxidised and reduced structures were aligned, the minor 
copper position aligned well with the oxidised T1Cu. Therefore, the minor 
position remains as a small amount of oxidised T1Cu. The major position 
corresponds to the reduced T1Cu position. The Met141 residue is fully open 
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in the reduced structure with a water (W238) molecule linking His145 to 
Met141. Such a change upon reduction has never been observed in any nitrite 
reductase nor in any cuperodoxin and may arise from the ability to obtain 
‘true’ reduced structure from single <10 fs shot images. The electron density 
for the surface loop is much more distinct than in the oxidised structure and 
the surface loop is shifted significantly. The T2Cu site is also rearranged upon 
reduction. The W1 in the oxidised structure is lost with the copper taken on 
just the His3 ligation (Figure 5.12). Asp98 is present only in the proximal 
conformation with no electron density for the distorted proximal or 
gatekeeper conformations. The sidechain of Ile275 flipped down to compress 
the volume of the active site pocket to prevent any further ligand ligating to 
the reduced T2Cu which is pushed 0.5 Å into the histidine plane. A malonate 
present in the crystallisation mixture is present in the substrate entry channel 
causing a rearrangement of the channel water molecules. 
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Figure 5.11. The SF-ROX structure of reduced AcNiR T1Cu. The T1Cu is 
visible in two conformations; one corresponding to the reduced position and 
one corresponding to a small species of oxidised copper. Met141 is present 
only in a single conformation. 2Fo-Fc electron density map is contoured at the 
1σ level and shown as blue mesh. The T2Cu is shown as a cyan sphere and 
water molecules as small red spheres. Metal-coordinating bonds are shown as 
red dotted lines. Selected hydrogen bonds are shown as black dotted lines 
(PDB: 6GT0). 
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Figure 5.12. The SF-ROX structure of reduced AcNiR T2Cu. The water 
molecule ligation T2Cu in the oxidised structure is lost. Ile257CAT side-chain 
flips down to compress the active site volume. 2Fo-Fc electron density map is 
contoured at the 1σ level and shown as blue mesh. The T2Cu is shown as a 
cyan sphere and water molecules as small red spheres. Metal-coordinating 
bonds are shown as red dotted lines. Selected hydrogen bonds are shown as 
black dotted lines (PDB: 6GT0). 
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5.2.6. NO2--bound structure of AcNiR determined by SF-ROX  
 The NO2--bound structure of AcNiR was refined to 1.5 Å. The switch 
from ammonium sulphate to Na-malonate as a cryoprotectant had no effect 
on the crystal diffracting power. There is little structural change in the T1Cu 
ligand geometry is visible compared to the resting state apart from the 
movement of Met141 to completely cover His145 (Figure 5.13). Atop the 
T2Cu, a large patch of positive electron density was visible. A single water did 
not satisfy the electron density and trying to fit two waters brought them too 
close together to be present at the same time. NO2- was then assigned which 
fitted well but still do not fully satisfy the electron density with positive 
patches on either side. It was finally decided that two NO2- ligands were 
present simultaneously (Figure 5.14). One was ligated nearest to the Asp98, 
bound in a ‘top-hat’ conformation while the second was furthest from the 
Asp98, bound in a ‘side-on’ conformation. Both NO2- molecules were assigned 
0.5 occupancy based on their B-factors relative to the rest of the structure. 
Asp98 is present in both the proximal and gatekeeper conformations with 0.5 
occupancy each, corresponding to the two NO2- conformations. The 
gatekeeper conformation, pointing away from the T2Cu corresponds to the 
‘top-hat’ mode while the proximal conformation corresponds to the ‘side-on’ 
mode. This was based on the possible steric interaction of the proximal 
conformation with the ‘top-hat’ mode. A water molecule is present in the 
crystal structure occupying the proximal position of Asp98CAT when that 
residue is in the gatekeeper conformation. In the atomic resolution, NO2--
bound structure of AcNiR (PDB: 2BWI), the NO2- occupies a middle position in 
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between the two conformations visible here. When the reduction of NO2- in 
crystallo is initiated with photoelectrons in the X-ray beam, the first structure 
shows NO2- binding in a ‘top-hat’ and ‘side-on’ conformation which 
subsequently stabilises to a ‘side-on’ conformation after an increase in the 
absorbed dose132. The two NO2- ligands bound in that structure bind 
symmetrically with shared O positions. Here, the NO2- molecules are 
asymmetrical ligated with the O1 atoms, closest to the Asp98 separated by 1.3 
Å, while the O2 atoms share the same special position. 
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Figure 5.13. SF-ROX structure of NO2--bound AcNiR T1Cu. The T1Cu is 
ligated by the usual four ligands. Met141 is visible in a single conformation 
coving His145. 2Fo-Fc electron density map is contoured at the 1σ level and 
shown as blue mesh. The T2Cu is shown as a blue sphere. Metal-coordinating 
bonds are shown as red dotted lines (PDB: 6GT2). 
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Figure 5.14. SF-ROX structure of NO2--bound AcNiR T2Cu. The T2Cu is 
ligated by two NO2- molecules with 0.5 occupancy each. One has a ‘top-hat’ 
binding mode and the second has a ‘side-on’ binding mode. The Asp98CAT is 
present in two conformations corresponding to the two NO2- molecules. 2Fo-
Fc electron density map is contoured at the 1σ level and shown as blue mesh. 
The T2Cu is shown as a cyan sphere and water molecules as small red 
spheres. Metal-coordinating bonds are shown as red dotted lines. Selected 
hydrogen bonds are shown as black dotted lines (PDB: 6GT2). 
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5.3. pH dependence of AcNiR 
5.3.1. In-house data collection 
The observation of the two NO2- species bound to the T2Cu prompted a 
hypothesis about why the binding mode of NO2- changes in the MSOX series 
with increasing dose132. The local T2Cu ligand geometry is well known to 
change as the pH is altered215–217. To investigate if pH was the cause of the 
differences in NO2- binding observed between the SF-ROX structure and the 
MSOX series, a structural titration experiment was designed and carried out 
using the in-house source in the Barkla Biophysics Laboratory. Crystals of 
AcNiR were grown from the same protein batch as for the SF-ROX experiment 
using the same crystallisation conditions. AcNiR crystallises well between pH 
4.5 to 5.0. All data collection so far in the chapter have been at pH 5.0. As the 
SF-ROX data collection was used to visualise the structure without any 
radiation damage, the data collection strategy for in-house source had to be 
changed from usual to limit the dose to as low as possible. The in-house 
source is a Rigaku FR-E+ SuperBright microfocus rotating anode generator 
with an EIGER R 4M photon counting detector. The low dose datasets were 
important to make sure we could distinguish pH dependent changes from 
irradiation induced changes. 3.4 M Na-malonate solution was prepared at a 
variety of pHs from 5.0 to 6.5 at 0.5 increments. 1 M NaNO2 was then added 
to a final concentration of 3.1 M Na-malonate, 100 mM NaNO2. Crystals were 
soaked for 15 minutes and then frozen directly in the cryo stream on the 
goniometer. The crystals were exposed for 15 minutes each with 60 images in 
total equating to 15 s per images with a 1.0° oscillation step per image. The 
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data were processed as for the SRX structure. The resolution limit limited to 
1.5 Å due to the geometric constraints of the diffractometer. Data processing 
and refinement statistics are given in Table 5.3. 
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Table 5.3. Data processing and refinement statistics for AcNiR collected with 
an in-house source. 
 pH 5.0 pH 5.5 pH 6.0 pH 6.5 
Data collection     
Space group P213 P213 P213 P213 
Unit cell 
dimensions 
    
     a=b=c (Å) 95.42 95.47 95.63 95.53 
     α=β=γ (°) 90 90 90 90 
Resolution (Å) 7.90 – 1.50 
(1.53 – 1.50)a 
8.19 – 1.50  
(1.53 – 1.50)a 
8.84 – 1.50  
(1.53 – 1.50)a 
7.90 – 1.50  
(1.53 -1.50)a 
Rp.i.m. (%) 3.6 (47.3)a 3.6 (50.6)a 2.6 (20.1)a 2.5 (24.1)a 
<I/σ(I)> 14.7 (1.4)a 14.1 (1.3)a 16.6 (3.1)a 17.8 (2.5)a 
CC1/2 0.999 (0.653)a 0.999 (0.657)a 0.999 (0.917)a 0.999 (0.876)a 
Completeness (%) 99.7 (98.3)a 99.7 (96.4)a 99.7 (98.5)a 99.6 (95.3)a 
Redundancy 6.2 (3.4)a 6.2 (3.4)a 6.1 (3.3)a 6.1 (3.4)a 
Wilson B-factor 
(Å2) 
11.3 11.7 9.4 10.7 
Refinement     
No. of unique 
reflections 
46390 (2247)a 46462 (2204)a 46648 (2249)a 46466 (2186)a 
Rwork/Rfree (%) 15.1/17.6 15.8/18.2 14.6/17.0 15.1/18.0 
No. atoms     
    Protein 2630 2653 2642 2673 
    Ligand/ion 29 22 22 19 
    Water 474 494 511 496 
B-factors (Å2)     
    Protein 14.7 14.9 12.9 14.1 
    Cu 10.9 11.5 9.8 11.4 
    NO2- 12.1 12.9 12.2 13.6 
    Malonate 24.7 25.9 24.2 27.9 
    Water 28.1 28.7 26.2 27.0 
R.m.s deviations     
    Bond length (Å) 0.01 0.01 0.01 0.01 
    Bond angles (°) 1.66 1.65 1.78 1.75 
PDB access code 6GTI 6GTK 6GTL 6GTN 
a. The highest resolution shell is shown in parenthesis. 
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5.3.2. The effects of pH on AcNiR 
At the first attempt, crystals were only soaked for 10 s as with the SF-
ROX NO2--bound structure. At all pH values there was no significant changes 
observed in any of the structures. The soaking time was then increased to 15 
minutes to make sure that the buffer would fully permeate the crystal and 
change the pH throughout the lattice. The first structure collected at pH 5.0 
was the same as the SF-ROX structure, unsurprising as both crystals are at the 
same pH. Both the ‘top-hat’ and ‘side-on’ NO2- conformations are visible, 
bound to the T2Cu in equal occupancy. Both conformations of Asp98 are 
present with the proximal position in opposition to the ‘top-hat’ binding 
mode. The limited electron density observed in the surface loop, residues 195 
– 202 is still present. When the pH was increased to 5.5, no conformational 
changes are visible in the local T2Cu site. No changes occur in the T1Cu 
geometry, but the position of Met141 now adopts two conformations instead 
of a single one at pH 5.0 (Figure 5.15). The space generated by this partial 
movement allows a water molecule to hydrogen bond directly to His145. This 
bond completes a water network from the T1Cu to the protein surface 
emerging at the low electron density loop. At pH 6.0, no change is visible in 
the T2Cu geometry with both NO2- conformations present. The conformation 
of Met141 visible at pH 5.0 is lost with the secondary conformation visible at 
pH 5.5 taking on full occupancy. This allows the partial water position to also 
become fully occupied. Adjacent to Met141 is Trp144. At pH 6.0, the side 
chain of Trp144 rotates 180° around corresponding to a major movement of 
the surface loop (Figure 5.16). This loop is known to be involved in the 
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complex of CuNiRs with electron carrier proteins such as azurin or c-type 
cytochromes. The one crystal structure of a CuNiR complexed with an 
electron transporter is a structure of AxNiR complexed with cytochrome c551 
(PDB: 2ZON) (Figure 5.17)69. The structures were aligned by superposition of 
the secondary structure elements and protein backbone Cα atoms using the 
SSM algorithm, revealed that complex interface directly involved this surface 
loop204. At pH 6.5, both conformations of Trp144 are present. The electron 
density of the surface loop is distinct suggesting it has repositioned due to the 
change in pH. Only a single ‘side-on’ conformation of NO2- is now bound to 
the T2Cu as well as a partial water positioned as in the SF-ROX structure 
(Figure 5.18). 
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Figure 5.15. The pH dependence of the T1Cu second sphere amino acids. 
Superposition of the 4 pH range structures. The movement of Met141 and the 
rotation of Try144 are visible. The partial and then full occupied water takes 
the place of Met141 after the pH dependent movement. AcNiR at pH 5.0 is 
shown in grey (PDB: 6GTI), pH 5.5 in orange (PDB: 6GTK), pH 6.0 in blue 
(PDB: 6GTL) and pH 6.5 in black (PDB: 6GTN).  
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Figure 5.16. The pH dependence in the redox surface loop. Superposition 
of the four AcNiR structures collected with a pH range. The surface loop 
rearranges with increasing pH. AcNiR at pH 5.0 is shown in grey (PDB: 6GTI), 
pH 5.5 in orange (PDB: 6GTK), pH 6.0 in blue (PDB: 6GTL) and pH 6.5 in 
black (PDB: 6GTN). 
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Figure 5.17. The reordering of the redox loop with pH. (a) Crystal 
structure of AxNiR complexed with cytochrome c551 (PDB: 2ZON)69. AxNiR is 
shown in blue, cytochrome c551 in green with the haem group shown in 
orange. (b) A superposition of AcNiR collected using a low dose in-house 
source at pH 5.5 in (PDB: 6GTK), pH 6.0 (PDB: 6GTL). The shift of the 
surface loop from pH 5.5 to 6.0 is shown in black. This loop is the part of the 
docking surface for cytochrome c551. 
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Figure 5.18. The pH dependent binding of NO2- to T2Cu. (a) At pH 6.0, 
NO2- binds in both a ‘top-hat’ and ‘side-on’ conformation. (b) When the pH is 
raised to pH 6.5, the ‘top-hat’ conformation is lost and the ‘side-on’ 
conformation remains along with a partial water molecule. (c) A cross-eyed 
stereo picture of the superposition AcNiR at pH 6.0 and 6.5. AcNiR at pH 6.0 
(PDB: 6GTL) is shown in black with Fo-Fc electron density around the NO2- 
contoured at the 4σ level shown as a green mesh. AcNiR at pH 6.5 (PDB: 
6GTN) is shown in blue Fo-Fc electron density around the NO2- contoured at 
the 4σ level shown as a grey mesh.  
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5.4. Neutron crystallography (NX) 
5.4.1. Perdeuterated AcNiR crystallisation 
The pH effects observed in AcNiR brought into focus an ongoing 
project to probe AcNiR using NX to visualise the hydrogen positions and 
determine the mechanism intermediates. Whereas X-rays scatter off atomic 
electron shells, neutrons scatter off atomic nuclei and so nuclear scattering 
length density, instead of electron density is observed. Hydrogen atoms have 
a negative neutron scattering length (-0.374) that means they tend to cancel 
out the signal from neighbouring carbon (0.665) and nitrogen (0.936) atoms. 
Deuterium atoms, on the other hand, have a positive neutron scattering 
length (0.667) and therefore produce a strong signal from neutron scattering 
experiments. The exchangeable hydrogen positions can be switched to 
deuterium by buffer exchanging into D2O based buffers. However, the other 
positions require the protein to be expressed in D2O and so all hydrogens are 
replaced with deuterium. Perdeuterated AcNiR was expressed at the 
Deuteration Laboratory180 at the Institut Laue-Langevin, Grenoble, France and 
crystallised by hanging-drop vapour diffusion in Hampton 24 well 
crystallisation plates. Crystals were grown from 20 mg/ml perdeuterated 
AcNiR in 50 mM MES-OH buffer, pH 6.5 set against 1.1 M ammonium 
sulphate and 100 mM sodium acetate, pH 5.0 solutions made up in D2O. Over 
the course of 2 weeks a number of crystals of size 0.9 x 0.4 x 1.0 mm with the 
volume around 0.36 mm3 size grew and were mounted in a 2 mm diameter 
quartz capillary for neutron data collection. 
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5.4.2. NX data collection 
 Initial data collection took place at LADI-III218, Institut Laue-Langevin 
over the course of 1 week. The first test took place on a single crystal using a 
neutron wavelength range of 3.05 - 4.00 Å. The crystal was exposed for 18 h 
at RT but no high-resolution data was observed. The crystal was subsequently 
tested at three different orientations but no improvement in diffraction was 
observed. To investigate if the crystals were fundamentally flawed, a single 
image was collected from the crystal using an X-ray copper rotating anode 
source. The crystal diffracted to 1.8 Å, the geometric limit of the Mar345 
image-plate detector setup (Figure 5.19). The reason for this disparity is 
unknown. Subsequently, over the course of four years, a full dataset was 
collected by Dr Matthew P. Blakeley, LADI-III, Large Scale Structures. This 
dataset was based on crystals grown from the same perdeuterated AcNiR 
purification as described in Chapter 3 and crystallised as above and has been 
previously been described here55 although has not yet been reported on in 
full. 20 images, each of 18 h exposure time, were collected from four crystal 
orientations and diffraction spots were recorded at 1.8 Å (Figure 5.20). The 
images were indexed and integrated using LAUEGEN219, wavelength-
normalized using LSCALE220 and scaled and merged using SCALA193. 
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Figure 5.19. An X-ray diffraction pattern collected from a perdeuterated 
AcNiR crystal. The crystal diffracted to 1.8 Å, the geometric limit of the 
Mar345 image-plate detector setup. 
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Figure 5.20. A neutron quasi-Laue diffraction pattern collected from a 
perdeuterated AcNiR crystal. A single image after 18 h exposure revealed 
diffraction spots to 1.8 Å. 
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5.4.3. Oxidised structure of perdeuterated AcNiR determined by NX 
 The RT oxidised neutron data was refined to 1.8 Å using phenix.refine 
with deuteriums added to all hydrogen positions197,221. Both the T1 and T2Cu 
sites were full occupied based on their B-factors relative to the protein 
backbone. At RT, Met141 is shown in the closed position, covering His145 
compared to the oxidized SF-ROX structure were two conformations of 
Met141 are observed (Figure 5.21). The surface loop (residues 187 - 206) 
which is disordered in the oxidized SF-ROX structure is ordered in the 
neutron structure as it is in the reduced SF-ROX structure and the high-pH 
low dose structures (Figure 5.22). The T2Cu site is coordinated by two water 
molecules (W1 and W3), with W1 adopting the distorted tetrahedral position 
observed in the oxidized SF-ROX structure and the SRX structure (Figure 
5.23). W3 is also present in the SRX structure again with the same low 
density observed here. Asp98 is present in a single conformation albeit with a 
low level of nuclear scattering length density compared to the other active site 
residue side-chains. 
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Figure 5.21. The NX structure of oxidised perdeuterated AcNiR T1Cu. The 
T1Cu site visualised using NX at 1.8 Å at RT. The copper ligands are visible 
with exchangeable hydrogen positions protonated. Met141 is visible in a 
single conformation covering His145. 2Fo-Fc nuclear scattering length density 
map is contoured at the 1σ level and shown as green mesh. Atoms are 
coloured by element, with a different colour scheme used for the different 
chains. The T2Cu is shown as a blue sphere, Metal-coordinating bonds are 
shown as red and green dotted lines (PDB: 6GTJ). 
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Figure 5.22. Structural alignment of oxidised SF-ROX, reduced SF-ROX 
and oxidised neutron structures. The oxidised SF-ROX loop is disordered 
with limited electron density, while the loop in the reduced SF-ROX and 
oxidised neutron structures is ordered and moved towards the structure. The 
oxidised SF-ROX (PDB: 6GSQ) is shown in purple, the reduced SF-ROX (PDB: 
6GT2) in blue and the oxidised NX (PDB: 6GTJ) in green. 
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Figure 5.23. The NX structure of oxidised perdeuterated AcNiR T2Cu. The 
T2Cu is ligated by two water molecules (W1 and W3). W1 is ligated in a 
distorted tetrahedral geometry consistent with the SF-ROXOX structure and 
modelled as a protonated water. W3 has low level electron density and is no 
protonated. The linking water (W2) is hydrogen bonded between Asp98 and 
His255. Both Asp98 and His255 are unprotonated in the structure crystallised 
at pH 5.0. 2Fo-Fc nuclear scattering length density map is contoured at the 1σ 
level and shown as green mesh. Atoms are coloured by element, with a 
different colour scheme used for the different chains. The T2Cu is shown as a 
cyan sphere, D2O water molecules shown as red and white sticks and water 
molecules as small red spheres. Metal-coordinating bonds are shown as red 
dotted lines. Selected hydrogen bonds are shown as black dotted lines (PDB: 
6GTJ). 
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5.4.4. Protonation states of the active site residues 
 The two protons required for catalysis are through to be provided by the 
active site residues Asp98 and His255211. At pH 5.0, it would therefore be 
expected that both these residues would be protonated, ready for NO2- 
binding and proton donation. It is clear in the oxidised neutron structure that 
Asp98 and His255 are unprotonated at the expected donation positions. 
His255 is protonated at the other exchangeable position along with all the T1 
and T2Cu ligation residues. The linking water (W2) is fully protonated, 
hydrogen bonded between Asp98 and His255 with hydrogen positions 
directed at Asp98 and His255. The structure is also consistent with the two 
proton uptake mechanism of CuNiR at pH 5.0 when T2Cu is water ligated222. 
The low level of nuclear scattering length density in the oxidized neutron 
Asp98 may be related to the dual conformation of Asp98 visible in the 
oxidized SF-ROX structure. At pH 5.0, Asp98 may be in a dynamic equilibrium 
between the protonated and unprotonated states based on a pKa of 3.9. If W1 
is orientated in the same manner in both the oxidized SF-ROX structures as in 
the oxidized neutron structure with the hydrogen positioned directed away 
from the T2Cu, then the proximal position represents the unprotonated Asp98 
while the distorted proximal position represents the protonated Asp98. The 
disparity in the unprotonated oxidized neutron Asp98 and equilibrium 
observed in the oxidized SF-ROX Asp98 is important in the context of pH 
change induced by radiation damage. Active site residues, especially acidic 
resides are known to be vulnerable to radiation damage and SRX data 
collection may explain why the distorted proximal position has not been 
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previously observed223. The ordering of the surface loop displays a similar 
pattern to Asp98 where its loop is disordered in the cryo oxidized SF-ROX 
structure but ordered in the RT oxidized neutron structure. The ordering of 
the loop in the reduced SF-ROX structure is due to a pH induced changed 
caused by the ascorbate soaking. Synchrotron radiation induced pH changes 
may result in the loss of intermediates that may be visualized using 
femtosecond crystallography. 
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Chapter 6 - General discussion and 
findings 
 
6.1. Data collection using the SF-ROX method 
The SF-ROX method has been used here to characterise the time-frozen 
structures of CuNiR from A. xylosoxidans and A. cycloclastes. In the case of 
AxNiR, the oxidised structure was collected revealing an unprecedented 
dioxygen species binding to the T2Cu site. Three structures of AcNiR were 
collected representing the oxidised, reduced and NO2--bound states 
(unpublished). The development of the SF-ROX methodology using 
cytochrome c oxidase allowed the collection of cryo temperature datasets, 
unlike the SFX method and allowed for the possibility of higher resolution 
data collection because of the greater volume crystalline material interacting 
with the XFEL beam126. The approach in the work covered in this thesis was 
collect these structures using femtosecond crystallography and both Ax and 
AcNiR proved high amenable to the SF-ROX method. A number of 
considerations must be considered however when deciding on the type of 
XFEL experiment to perform. In the case of SF-ROX, the crystal morphology 
and underlying symmetry had a large effect on the efficiency of data 
collection, important given the limited XFEL beamtime available.  
When the data collection parameters of the oxidised Ax and AcNiR SF-
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ROX are compared, the crystal size, morphology and symmetry, have a 
significant effect on the data collection time and multiplicity of the data 
(Table 6.1). The AcNiR dataset, which was crystallised in a cubic space group 
(P213), had a multiplicity of 246 from 1377 images collected in 8 hours. The 
AxNiR dataset, containing ~2.5x more images, has ~2.3x lower multiplicity. 
AxNiR was crystallised in a trigonal space group (H3) with one full dataset 
taking 12 hours to collect. As the crystal is rotated between snapshots, the 
number of images that can be collected per crystal is reduced in crystals with 
2D morphology. However, with the flat plane of the crystal perpendicular to 
the beam, a large number of images can be collected from a single crystal. 
The optimal requirement for SF-ROX crystallisation are therefore the same as 
standard MX data collection; a large, highly diffracting, high symmetry crystal 
although the lack of these attributes, which can be overcome in MX, can lead 
to lengthy SF-ROX data collections. In MX, a low symmetry crystal can be 
rotated through 360° to fully record the reciprocal space. With femtosecond 
crystallography, all the recorded reflections are partial, and each Bragg 
reflection curve must be sampled sufficiently to complete the dataset.  
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Table 6.1. Comparison of oxidised CuNiR SF-ROX data collection. 
Dataset AxNiROX AcNiROX 
Beamline BL3 BL2 
Space group H3 P213 
No. of crystals 64 75 
Indexed images 3656 1377 
Average images per crystal 57 18 
Degree step (°) 365.6 137.7 
Resolution (Å) 1.6 1.6 
Multiplicity 106 246 
Collection time (h) 12 8 
Crystal morphology 2D plate 3D pyramid 
Crystal size (W x H x D mm) 1 x 0.8 x 0.05 0.7 x 0.7 x 0.7 
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6.2. Structural basis for the oxidase activity of AxNiR 
Using SF-ROX, the ‘time-frozen’ oxidised structure of AxNiR has been 
determined. While the global structure of the enzyme, compared to the SRX 
structure, was near identical, the T2Cu ligand was altered with T2Cu-H2O 
ligation observed in the SRX structure and T2Cu-O2- observed in the SF-ROX 
structure. While other diatoms have been shown binding to the T2Cu site in 
CuNiRs, notably NO and O2, this is the first time an end-on bound species has 
been observed with full occupancy54,76. The refined oxygen species had an O-O 
bond length of 1.24 Å, consistent with O2 or O2- (1.2 – 1.3 Å) and not with a 
peroxide species (1.4 -1.5 Å)224. The observation of this dioxygen ligand 
provides a structural basis for the oxidase activity of this enzyme although the 
reason for the appearance of the species is unknown. NO2- and NO have been 
suggested to bind endogenously to T2Cu during purification or 
crystallisation. Fukuda and colleagues argue that the NO species modelled in 
this structure (PDB: 2BW5) has a refined N-O bond length of 1.41 Å which is 
much closer to a dioxygen species than a NO species (1.15 Å)225. However, the 
species refined in the endogenous AcNiR structure is NH2OH which, in its N-
protonated form, has an N-O bond length of 1.41 Å. O2 binding in GtNiR was 
conformed based on the functions of CuNiR as an oxygen reductase along 
with an absorption band at 325 nm relating to a copper(II)-superoxo 
species76.  
The presence of reduced T2Cu in AxNiR purification could bind O2, 
trapping the oxidised T2Cu bound to the reduced O2 waiting for electron 
turnover to produce H2O2 or a source of O2- could simply bind to the oxidised 
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T2Cu and again stabilise awaiting electron turnover226. A source of O2- in this 
case may be the crystallisation media where PEG 550 MME was used as the 
precipitant which may have decomposed. The presence of the H2O ligand in 
SRX structure of CuNiR can be explained by the production of photoelectron 
in crystallo which lead to the reduction of O2- to H2O2 which is then replaced 
by H2O. 
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6.3. The pH dependence of AcNiR 
 The visualisation for AxNiR T2Cu bound O2- provided a structural basis 
for the oxidase activity of that particular CuNiR but did not address the 
question of the true CuNiR resting state with respect to the reaction order. SF-
ROX was able to reveal the ‘time-frozen’ structures of oxidised, reduced and 
substrate bound AcNiR showing that AcNiR T2Cu is ligated by a water 
molecule in the resting state that is lost upon the reduction of the copper. This 
observation was confirmed by the oxidised neutron structure that was 
collected showing a water molecule bound in the same position as in the 
oxidised SF-ROX dataset. NO2- binding and conversion to NO has been 
observed in AcNiR using the MSOX method which revealed a switch in the 
conformation of NO2- from ‘top-hat’ to ‘side-on’ with increasing X-ray 
dose132,156. The initial interpretation of that observation was that the switch is 
the result of an initial electron transfer from the T1Cu to the T2Cu and that 
the ‘side-on’ bound NO2- represents the initial reaction state. However, in the 
SF-ROX structure both ‘top-hat’ and ‘side-on’ conformations of NO2- are 
observed simultaneously, before the onset of any photochemistry. To 
understand what the cause of the switch from ‘top-hat’ to ‘side-on’ NO2- was, 
the pH effect on the crystal was probed revealing the switch from ‘top-hat’ to 
‘side-on’ occurred between pH 6.0 and 6.5. The effect of SRX data collection 
was to cause solvent radiolysis in the crystal and increase the pH, thereby 
causing the conformation of NO2- to shift with increasing dose. 
 The effect of pH was also evident around the T1Cu site. A surface loop, 
known to form part of the interaction surface for redox partner proteins is 
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highly disordered at pH 5.5 but becomes ordered at pH 6.069. There is also 
and accompanying movement in the T1Cu second sphere amino acids, 
Met141 and Try144 which shift as the loop becomes ordered, uncovering the 
T1Cu His145 residue and allowing the formation of a water network to 
connect the protein surface adjacent to the loop to the T1Cu. The suggests a 
mechanism for intermolecular electron transfer where the redox partner 
protein interacts with the loop and induces it to take on the ordered 
conformation. This then causes the rearrangement of the T1Cu second sphere 
amino acids, establishes the water network and increases the reduction 
potential of T1Cu, priming it to receive an electron from the redox protein. 
The results from the AcNiR data collection point to an ordered mechanism of 
NO2- reduction62,63,222. The T2Cu is ligated by water in the resting which is 
replaced by NO2- before T1Cu to T2Cu electron transfer. 
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6.4. Future work and concluding remarks 
The SF-ROX data collection carried out here suggests that the interpretation 
of SRX structures must be tempered based on the actions of X-ray induced 
photochemistry in CuNiRs. In AxNiR, a change in T2Cu ligand from dioxygen 
to water is observed necessitating a review into aerobically purified enzyme 
structure and the corresponding spectroscopic data. In AcNiR, photolysis of 
solvent induced a pH change causing a geometric rearrangement in ligand 
binding. The SF-ROX structural visualisation of NO-bound T2Cu would be of 
great interest to complete the trio of datasets collected here for AcNiR. The 
binding mode of NO has been observed to be end-on in spectroscopic 
experiments and predicted by computer simulation227,228. This is in opposition 
to the side-on NO binding observed in crystal structures54,207. The diffraction 
before destruction approach taken here has been important, not only to 
outrun radiation damage, but to produce ‘time-frozen’ structure, free of 
molecular vibration and rotation from as-isolated enzymes that reveal the 
effects of radiation damage when compared to their synchrotron counterparts. 
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